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Abstract 
As the lightest structural metallic materials, magnesium (Mg) alloys have attracted increasing 
interest in the automotive and aerospace industries. However, low oxidation resistance of Mg alloys 
limits their wider applications at elevated temperatures. Beryllium (Be) has long been considered as 
one of the most effective alloying elements in improving the oxidation resistance of Mg alloys even 
at ppm concentration. However, a convincing mechanism of this unique effect of Be in Mg alloys 
still remains unclear. Two mechanisms have been proposed. The BeO hypothesis assumes that the 
BeO layer forms prior to the MgO, whereas the reactive element effect model considers that the 
segregation of Be2+ cations along the MgO grain boundaries inhibits the outward diffusion of Mg2+ 
cations. Both models have never been experimentally verified. The present work aims to 
comprehensively investigate the effects of trace additions of Be on the high temperature oxidation 
behaviour of Mg alloys and, therefore, to understand the mechanism of how Be improves the 
oxidation resistance of Mg alloys. 
Be-containing AZ91 alloys were produced with trace additions of Be (10 ppm-60 ppm) into the 
alloy melt. Thermogravimetric analysis (TGA) and long-term furnace oxidation (LTFO) were used 
to characterize the oxidation behaviours of the alloys. All results showed that trace additions of Be 
significantly improved the oxidation resistance of the AZ91 alloy at 400 C, even at 10 ppm. In order 
to investigate the effectiveness of Be in other Mg alloys, 60 ppm Be was added to Mg-2Zn, Mg-2Sn, 
Mg-2Y, AS21, AM60, ZK20 and ZC63. Similar to the AZ91 alloy, experimental results showed that 
microalloying with Be effectively lowered the oxidation rates at 500 C and increased the ignition 
temperatures of the Mg-2Zn, Mg-2Sn, AS21, and ZC63 alloys. But, Be addition marginally 
influenced the oxidation behaviours of the ZK20, AM60 and Mg-2Y alloys.  
In order to understand the mechanisms behind why Be improves the oxidation resistance of cast 
Mg alloys, the oxidation layers were characterized using scanning electron microscopy (SEM),  
transmission electron microscopy (TEM) and nanoindentation. No continuous BeO surface layers 
were observed on the surfaces of the alloys tested and no Be segregation was detected along the grain 
boundaries of MgO. However, TEM examination detected the accumulation of Be in the initially 
formed MgO layer during the oxidation process, which led to the formation of fine-grained (Mg,Be)O 
solid solutions. As a result, the initially formed surface oxide was effectively strengthened. The 
nanoindentation and nanoscratch analyses verified that the reinforced (Mg,Be)O layers on the Be-
containing AZ91, Mg-2Zn, Mg-2Sn, AS21 and ZC63Be alloys exhibited a higher hardness and 
strength than the MgO layer on the alloys without Be. Hence, it is considered that during high 
temperature oxidation, the accumulation of Be on the surface of Mg alloys reinforced the initially 
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formed (Mg,Be)O layer. This effectively delayed the cracking and debonding of the oxide layers from 
the substrates.  As a result, the oxidation incubation period was extended through retarding the Mg 
vapour diffusion, resulting in high oxidation resistance. 
Because Be is expensive and toxic, another aim of the thesis was to reduce the usage of Be. Based 
on previous published results, Ca was chosen as a candidate. A series of AZ91 alloys containing both 
Be and Ca were produced, trying to partially replace the Be with Ca. The TGA, LTFO, and ignition 
test results verified that the synergistic effect of Be and Ca enabled the reduction in usage of Be in 
the oxidation-resistant Mg alloys. Addition of 20 ppm (wt) Be and 0.5 wt.% Ca was considered as an 
optimal combination to sufficiently improve the high temperature oxidation resistance of the AZ91 
alloy. The differential thermal analysis (DTA) and FESEM indicated that the synergistic effect of Be 
and Ca allowed (i) suppression of Mg vaporisation along the grain boundaries of the alloy, and (ii) 
the formation of a compact duplex oxide layer consisting of the outer Be-reinforced MgO layer and 
the inner CaO/MgO composite layer. The duplex layer acted as barrier for both the outward 
evaporation of Mg and the inward penetration of oxygen and, therefore, achieved high oxidation 
resistance. 
In summary, the present PhD thesis has advanced the understanding of the roles of Be in 
improving the oxidation resistance of cast Mg alloys. Based on the results, it is concluded that the 
improved oxidation resistance of Mg alloys through trace addition of Be was attributed to the 
reinforcement effect of Be in the initially formed surface oxide layer. It has also been evidenced that 
the oxidation resistance of Mg alloys is closely related to the strength/hardness of the oxide layers 
formed on the alloy surface. In addition, the present thesis showed the synergistic effect of Be and Ca 
in improving the oxidation resistance for Mg alloys, which has technological and practical 
significance in the development of new oxidation resistant Mg alloys with lower Be content.  
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Chapter 1 Introduction 
1.1 Magnesium, magnesium alloys and their applications 
Magnesium (Mg) is the 8th most common element in the Earth’s crust, and the 3rd most abundant 
element dissolved in seawater, after sodium and chlorine [1]. Because of the low density of 1.74 
gm/cm3, Mg is considered as the lightest structural metal [2]. Mg and Mg alloys have been used since 
Sir Humphry Davy firstly produced pure Mg by using electrolysis on a mixture of magnesia and 
mercuric oxide in 1808 [3]. During World War I and World War II, the production of Mg was spurred 
to increase rapidly by the need in the military such as flares, tracer bullets and aircraft parts [2]. 
However, after World War II, the production of Mg was significantly reduced due to the lower need 
and high cost of Mg production [2]. Since the 1990s, because of the concern of environment, the 
requirement in reducing fuel consumption in the transportation sector led to a higher demand for 
light-weight materials [4]. Therefore, Mg based alloys have attracted increasing interest and been 
recognised as one of the most effective approaches to achieve weight reduction in automotive and 
aerospace industries. In past years, the production of Mg has been increasing each year and, 
magnesium alloy has become the third-most-commonly-used structural metallic materials, following 
iron and steel and aluminium (Al) alloy [5]. In 2017, the global production of Mg reached 1.1 million 
tons [6]. 
Pure Mg is very soft and is rarely used for engineering applications without being alloyed with 
other elements [7]. Hence, in the last couple of decades, considerable research efforts have been 
devoted to the development of Mg alloys, such as Mg-Al-Zn, Mg-Zn-Cu, Mg-Al-Ca(-RE) with high 
specific strength, Mg-Li, Mg-Zn-RE, Mg-Si with high ductility, and Mg-Al-Si, Mg-Al-RE, Mg-Ag-
RE-Zr, Mg-Y-RE-Zr with high creep resistance [8-12]. In addition to their low density, Mg alloys 
also have good castability, high specific solidity, relatively high thermal and electrical conductivity, 
good weldability, high damping capacity, and are recyclable [13-16]. The major “consumers” of Mg 
alloys are the automotive and aerospace industrial sectors [12].  
In automotive industry, the use of Mg alloys encompasses parts such as steering wheels, 
instrument panels, seats, gear boxes, air intake systems, stretcher, gearbox housings, and tank covers 
[9]. For instance, a 25 % weight savings in the engine gearbox housings of Audi A4 and A6 and the 
Passat was achieved by substituting Al alloy with AZ91D (Mg-9.5Al-0.5Zn-0.3Mn) Mg alloy  [17]. 
It is expected that by 2020, 150 kg of Mg will replace 285 kg of current ferrous and Al parts per 
vehicle [18]. Since up to 60% of the fuel consumption is weight dependent, 100 kg weight reduction 
of  an automotive vehicle can lead to a 5% saving of fuel consumption per 100 km  [17]. The aerospace 
industry is also weight sensitive. Since the 1930s, Mg alloys have been extensively used in variety of 
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aircrafts, such as the thrust reverser cascade, gearbox, drive train components, wheels, and 
transmission casing [19, 20]. Examples include the 1943 prototype of Northrop XP-5 Black Bullet 
with Mg airframe and welded skin, Lockheed F-80C with complete Mg construction, Boeing 737, 
747, 757, and 767 with thrust reverser cascades made from AZ92A alloy, Sikorsky UH60 Blackhawk 
with transmission casing made from ZE41 alloy, Westland Sea King with gearbox parts and wheels 
made from ZW3 alloy, and etc. [19-21]. In addition, Mg and its alloys are also used in in missile and 
satellites industries due to their low density [20].  
 
1.2 Features of low oxidation resistance of Mg alloys 
Compared with steels and Al alloys, the wider use of Mg alloys is restricted because Mg alloys 
have limited cold workability, low wear resistance and poor corrosion resistance [15, 16, 22, 23]. In 
addition, because of the high affinity to oxygen [12], Mg alloys are associated with low oxidation 
resistance, particularly at high temperatures. In contrast to aqueous corrosion, the term “oxidation” 
in this thesis is defined as the chemical reaction with oxygen at elevated temperatures. In addition, 
Mg alloys are prone to ignite instantly at high temperatures, particularly in the forms of fine powder, 
comminuted chips and dust, and Mg flames are difficult to be extinguished [24-26]. During 
manufacturing, such as casting, welding, machining and heat treatment, they also suffer from serious 
surface degradation, ignition or even burning [20, 27, 28]. Hence, Mg alloys must be melted with a 
covering gas, such as CO2, Ar, and SF6, to prevent the melt from oxidation and burning [25, 29, 30]. 
The poor oxidation resistance of Mg alloys significantly restricts their applications. For instance, it 
has been proposed to make aircraft cabin components, such as overhead compartments, folding tables, 
food trolleys and passenger seats, using Mg alloys for weight reduction (estimated by 30%) [20]. 
However, their flammability at high temperatures has been a major concern [25, 31, 32]. Recently, 
the Federal Aviation Administration (FAA) investigated the flammability of magnesium alloys by a 
full-scale simulated test [33]. It was reported that only WE43 and EV31 met the requirements of the 
survivability model, whereas the commercial Mg alloys, such as AZ31 and AZ80, failed [33]. Hence, 
improving the high-temperature oxidation resistance of Mg alloys is of technological and practical 
significance in order to widen their applications. 
 
1.3 Approaches to improve the oxidation resistance of Mg alloys 
A persistent resistance to oxidation requires the formation of a continuous, compact, and crack-
free barrier layer on the metal surface to isolate the substrate metal from the oxidizing atmosphere 
[34]. Due to the high affinity to oxygen, Mg alloys are easily oxidized and form MgO layer on the 
surface even at low temperatures. Because the P-B ratio of MgO is only 0.81, MgO layer is considered 
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to have an incompact structure [28]. Nevertheless, the MgO layer is considered to be protective at 
room or relatively low temperatures because both the ionic diffusion rate of Mg2+ and the defect 
density in the thin MgO layer is low at low temperatures [35, 36]. However, at temperatures higher 
than 400 C, growth of the MgO is associated with a significant increase in the internal stress, which 
causes layer cracking and debonding [28, 37-39]. As a result, catastrophic oxidation, and 
subsequently ignition can occur. 
There are a number of approaches to improve the oxidation resistance of Mg alloys, such as ion-
implantation, physical vapour deposition (PVD), chemical vapour deposition (CVD) and alloying 
[28, 40-44]. Ion-implantation enables a modification of the alloy surface by introducing a controlled 
concentration of an element “X” to a thin MgO oxide layer. After implantation, a dense and compact 
oxide layer composed of MgO and XO forms on the alloy surface. Such oxide layer can act as an 
effectively barrier to separate the substrate and oxygen, and therefore to improve the oxidation 
resistance. Although ion-implantation has a high efficiency in improving the oxidation resistance of 
Mg alloys, this approach is limited by the high costs and the radiation damage to the alloy surface 
[42, 43]. Surface coating, including PVD and CVD, has long been used to improve the corrosion 
resistance of Mg alloys at ambient temperature [41]. Under the condition of a chemical reaction or 
physical sputtering and evaporation, monolayer or multilayer coatings, such as Zr, Cr, TiCN, ZrCN, 
and CrN, can be deposited onto Mg alloys to separate the substrate metal from the oxidizing 
atmosphere [40, 41]. However, such protection is limited at elevated temperatures because the big 
difference in thermal expansion coefficient between the coating and the substrate can lead to coating 
cracking and peeling off [40]. Alloying, i.e., addition of potent alloying elements and/or ceramic 
particles into the melt before casting, is a traditional, but effective, economical and widely used 
method to improve the oxidation resistance of Mg and its alloys. Most alloying elements have 
detrimental effect on the oxidation resistance and the ignition temperature by (i) lowering the solidus 
temperature, and (ii) reacting with Mg and forming thermally unstable intermetallic phases [28, 45]. 
But, some alloying elements, such as calcium (Ca), rare earth (RE) elements, strontium (Sr) and 
beryllium (Be) have been reported to increase the oxidation resistance and the ignition temperature 
of Mg alloys by forming a more protective layer on the metal surface [28, 46]. 
The underlying mechanism of how alloying elements improve the oxidation resistance has been 
extensively studied for decades [35, 46-51]. It is generally accepted that the formation of a continuous 
oxide layer with an appropriate P-B ratio (RPB), i.e., between 1 and 2, is the critical factor in 
improvement of the high-temperature oxidation resistance of Mg alloys [28, 46]. Such oxide layer is 
considered as a compact structure with a moderate internal compression to maintain its protective 
effect [37]. In addition to the RPB model [46, 47], a number of theories/models (more details will be 
4 
 
provided in Chapter 2) have also been proposed and widely used throughout the literature, including 
(i) the reactive element effect (REE) [35, 48], (ii) the surface active element effect [49, 50], and (iii) 
the third element effect [51]. In fact, high-temperature oxidation of Mg alloys is a complex process, 
which involves chemical reaction, ions diffusion, physical evaporation and phase transition [28]. 
Multiple mechanisms may work simultaneously [28, 43, 46]. Based on those theories/models, a great 
effort has been made to develop oxidation-resistant Mg alloys, including Ca and RE-containing Mg 
alloys. It has been reported that Ca and RE elements, such as Y, Ce, Nd, Gd and La, can effectively 
improve the oxidation resistance and ignition temperature by forming a continuous CaO and REO 
layer on the alloy surface to isolate the substrate from the oxygen [42, 52-56]. In addition, the REE 
and the third element effect have been proposed in RE-containing Mg alloys [35, 48, 51]. 
Be has long been known as one of the most effective element in improving the high-temperature 
oxidation resistance of Mg alloys, even at ppm concentration [2, 57-61]. However, the roles of Be in 
improving the oxidation resistance of Mg alloys has not been comprehensively studied yet, and the 
underlying mechanism is still unclear. 
 
1.4 Current issues associated with Be-containing Mg alloys 
Microalloying with Be has been verified to effectively lower the oxidation rate and rise  ignition 
temperature of pure Mg and Mg-Al based alloys [59, 62, 63]. Zhao et al. [62] reported that the AZ91 
containing 0.2 wt.% Be was ignition-resistant up to 760 C. Zeng et al. [63] found that the 0.3 wt.% 
Be-containing AZ91 alloy could be melted directly in air without burning. Houska [57] reported an 
increase in the ignition temperature of pure Mg by 200 C through microalloying with 10 ppm (wt) 
Be. Czerwinski [60] found that the oxidation rate of AZ91 at 487 C was effectively reduced by 
microalloying with only 10 ppm (wt) Be. However, the underlying mechanism is still unclear. There 
have been two hypotheses proposed: (i) the formation of a continuous BeO layer, and (ii) the REE of 
Be (more details will be provided in Chapter 2). But, neither of them has been experimentally verified 
yet [59, 60, 63]. In addition, although microalloying with Be has shown beneficial to improve the 
oxidation resistance for pure Mg and AZ91 alloy, the efficacy of Be in other Mg alloy systems, such 
as Mg-Zn, Mg-RE, and Mg-Sn, and Zr, Si, Cu and Mn-containing Mg alloys is unknown. Therefore, 
further investigating and understanding the roles of Be in improvement of the oxidation resistance of 
Mg alloys is of theoretical and technological importance in development of new and better oxidation-
resistant Mg alloys. 
Another issue is related to the application of Be in oxidation-resistant Mg alloys. People are 
concerned with the toxicity of Be [52, 64]. Inhalation of Be dust or fumes can cause acute and chronic 
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lung disease [65-67]. During manufacturing processes, engineering controls, such as local exhaust 
ventilation, and personal protective equipment, including respirators, masks, protective eyewear, 
clothing and gloves are necessary to prevent skin contact and inhalation of Be [68]. Hence, 
development of oxidation-resistant Mg alloys with lower Be concentration is of technological and 
practical significance. It has been found that addition of multiple RE elements and a combined 
addition of Y and Ca can attain the synergistic elemental effects, resulting in a higher oxidation 
resistance than single alloying [25, 51, 52, 69, 70]. Based on the synergistic elemental effect and 
previous studies, it is considered that Ca is an ideal solute to reduce the Be usage in Be-containing 
Mg alloys. However, there is still lack of comprehensive investigation of the synergistic effect of Be 
and Ca. This becomes another task of the present thesis. 
 
1.5 Objectives and thesis outline 
The overall objectives of this thesis is to (i) comprehensively investigate and understand the 
mechanisms of Be in improvement of the oxidation resistance of Mg alloys, and therefore to clarify 
the inconsistence between the reported experimental results and the proposed mechanisms, and (ii) 
study the synergistic elemental effect of Be and Ca, and therefore to minimize the Be usage in 
oxidation-resistant Mg alloys. 
In order to achieve the proposed goals, the following tasks will be completed: 
i. To investigate the effect of trace additions of Be on the oxidation resistance of Mg alloys with 
various compositions. 
ii. To carry out an in-depth investigation in the mechanism, by which trace addition of Be improves 
the oxidation resistance of Mg alloys: 
 To characterize the microstructure of the alloy and the surface oxide layer. 
 To characterize the mechanical properties of the initially formed oxide layer. 
iii. To correlate the results to the currently available theories, models, and hypothesis, and to make 
breakthroughs in understanding the roles of Be in strengthening the oxide layer on Mg alloys. 
iv. To study the synergistic elemental effect of Be and Ca on improving the oxidation resistance of 
Mg alloys in both solid and liquid states, and to obtain an optimal concentration of combined 
addition of Be and Ca.  
To properly report the results obtained in this PhD program in the last three and half years, this 
PhD thesis is divided into eight chapters as follows:  
6 
 
Chapter 1 briefly introduces the research background, significance and necessity in improving the 
high-temperature oxidation resistance of Mg alloys, arises the current issues in Be-containing Mg 
alloys, and outlines the objectives and framework of this PhD thesis. 
Chapter 2 comprehensively reviews the updated literature related to the oxidation of Mg alloys. This 
includes (i) the fundamental knowledge of metal oxidation, (ii) the major theories and models in 
understanding the oxidation mechanism of Mg alloys, and (iii) the alloying elements effect and 
current progress in development of oxidation-resistant Mg alloys. The major content in this chapter 
was presented in a review paper published in 2016 in Corrosion Science. 
Chapter 3 describes the general experimental methods used throughout the PhD project. This 
includes raw materials used, casting, oxidation evaluation, ignition temperature determination, 
differential thermal analysis (DTA), nanoindentation, nanoscratch, and the characterization 
techniques such as optical microscopy (OM), scanning electron microscopy (SEM), energy dispersive 
X-ray spectroscopy (EDS), and transmission electron microscopy (TEM). 
Chapters 4-7 present the research results and discussions. The majority of the results is presented in 
the form of a series of publications.   
Chapter 8 summarizes the overall outcomes, conclusions and contributions of this PhD research to 
the area. Based on the outcomes, some potentially significant topics are suggested for future study. 
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Chapter 2 Literature review 
Improvement of the high-temperature oxidation resistance has been crucial in order to widen the 
applications of Mg alloys, particularly in automotive and aerospace industries. In this chapter, the 
current research progress in high-temperature oxidation behaviors of Mg alloys and development of 
oxidation-resistant Mg alloys is reviewed. 
This literature review begins with summarizing the fundamental to metal oxidation process 
(Section 2.1) and mechanisms, including the thermodynamics, oxidation kinetics, protection failure 
and ignition. Then, the oxidation behavior and mechanisms of Mg alloys is comprehensively 
reviewed (Section 2.2) based on the published work. This includes the oxidation behaviours and 
mechanism of Mg alloys at both solid, semi-solid, and molten states. In addition, the effects of the 
alloying elements, including Al, Zn, Cu, Mn, Ca, RE elements, Be and Sr, and the corresponding 
theories/models on the oxidation resistance of Mg alloys are also summarized and reviewed. Critical 
discussions associated with the deficiencies and limitations of these theories/models are also proposed 
in this PhD research. The majority of this section is a published review paper entitled “Oxidation of 
magnesium alloys at elevated temperatures in air: A review”, published in Corrosion Science in 2016 
(2016, vol. 112, 734-759). This paper is referred as Paper 1 in this thesis. 
Since this review paper was published two years ago, an updated literature review (Section 2.3) 
was added. This section focuses on the supplements in (i) the effects of alloying elements and nano-
sized ceramic particles on the oxidation resistance of Mg alloys, and (ii) the mechanism of 
evaporation-enhanced Mg oxidation. 
 
2.1 Fundamentals of metal oxidation 
In general, metals, particularly those in common technological applications, are 
thermodynamically unstable when exposed to an oxidizing atmosphere at both low and high 
temperatures [34, 71]. Hence, most metals in applications are subjected to degrading either by 
corrosion at room temperature or by oxidation at high temperatures [34]. Metal oxidation occurs 
through chemical reaction of metallic ions with oxygen on the metal surface in the presence of 
oxygen, resulting in the formation of oxide layer. 
 
2.1.1 Thermodynamics of metal oxidation 
The general chemical reaction between a metal (M) and oxygen (O2) to form an oxide (MO) is 
defined as [34]: 
2M ൅ Oଶ ൌ 2MO																																																																						ሺ1ሻ 
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The change of Gibbs free energy ∆ܩ in this reaction is [34]:  
∆ܩ ൌ ∆ܩ଴ ൅ Rܶln ߙ୑୓
ଶ
ߙ୑ଶ݌୓మ
																																																												ሺ2ሻ 
where ∆ܩ଴ is the standard Gibbs free energy change, T is the reaction temperature (in K), R is the gas 
constant, α represents the activity and p is the partial pressure of oxygen.  
The Gibbs free energy change (∆ܩ) has been considered as a measure of the thermodynamic 
driving force that makes a reaction occur. A negative value for ∆ܩ (∆ܩ<0) indicates that the reaction 
can proceed spontaneously, whereas a positive value ( ∆ܩ >0) indicates that the reaction is 
thermodynamically unfavourable [72]. In equilibrium condition (∆ܩ=0), the equation (2) is expressed 
as: 
∆ܩ଴ ൌ െRܶln ߙ୑୓
ଶ
ߙ୑ଶ݌୓మ
																																																																	ሺ3ሻ 
For pure metals, the activities of the metal (ߙ୑) and the oxide (ߙ୑୓) are equal to 1 [34]. Hence, 
equation (3) can also be used to express the oxygen partial pressure at the equilibrium condition, 
where the metal and oxide coexist, i.e., the dissociation pressure of the oxide (݌୓మ୑/୑୓): 
݌୓మ ൌ ݌୓మ୑/୑୓ ൌ exp
∆ܩ଴
Rܶ 																																																															ሺ4ሻ 
During oxidation, oxide formation is thermodynamically feasible if the partial oxygen pressure 
is higher than the dissociation pressure of the metal oxide (݌୓మ ൒ ݌୓మ୑/୑୓) at the reaction temperature. 
The Ellingham diagram shown in Fig. 1 presents the standard free energy of formation (∆ܩ଴) of 
various oxides when consuming 1 mole of O2 as a function of temperature [34]. For a particular 
temperature, the partial pressure of oxygen required for the reaction, i.e., the dissociation pressure of 
the metal oxide, can be obtained from the diagram using the scale at the right side labelled ݌୓మ. The 
stability of an oxide is represented by the position of the curve for a given reaction in the Ellingham 
diagram. Reaction curves close to the bottom of the diagram correspond to the more reactive metals, 
whose oxides are stable and hard to be reduced [34]. As shown in Fig. 1, the reaction curve of MgO 
locates at the second lowest position, after CaO, indicating that Mg has an affinity to oxygen higher 
than most of metals. 
For alloy oxidation, the thermodynamic calculation is useful in understanding the oxidation 
sequence and the morphology of the oxide layer [73]. For a given alloy, which contains metal 
elements of MA and MB, the following reaction should be considered on the alloy surface [46]: 
M୆ ൅M୅O ൌ M୆O ൅M୅																																																													ሺ5ሻ 
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The change of Gibbs free energy for equation (5) is [74]: 
∆ܩହ ൌ ൫∆ܩ୑ా୓଴ െ ∆ܩ୑ఽ୓଴ ൯ ൅ Rܶln
ߙ୑ా୓ߙ୑ఽ
ߙ୑ఽ୓ߙ୑ా
																																												ሺ6ሻ 
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Figure 1: The Ellingham diagram, illustrating the free energy of formation of various oxides as a function of 
temperature. The oxygen partial pressure required for the reactions is obtained from the diagram. All of the 
reactions are normalized to consume 1 mole of O2. Redrawn from Birks [34]. 
In general, the oxides, M୅O and M୆O, are regarded as pure solid, so both ߙ୑ఽ୓ and ߙ୑ా୓ are 
equal to 1 [63]. But, the activity of the metals should be taken into consider in alloy oxidation [34]. 
ߙ୑ఽ  and ߙ୑ా  can be approximated by their mole atomic concentration ܿ୑ఽ  and ܿ୑ా , respectively 
[63]. Therefore, the thermodynamic feasibility of this reaction (∆ܩହ ≤ 0) can be represented as: 
ܿ୑ఽ
ܿ୑ా
൑ exp∆ܩ୑ఽ୓
଴ െ ∆ܩ୑ా୓଴
Rܶ 																																																													ሺ7ሻ 
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If equation (7) is satisfied, M୆O could thermodynamically form prior to M୅O [63]. As oxidation 
progressed, M୅O may form beneath the M୆O layer, either as a continuous layer or as an internal 
precipitate [73]. 
The thermodynamic approach provides the feasibility of a metal oxidation reaction at a particular 
reaction temperature and oxygen partial pressure on the metal surface. In alloy oxidation, the 
thermodynamics enables the understanding of oxidation sequence in the multiphase oxide layer, and 
has therefore been considered as a key factor in selecting proper alloying elements to improve the 
oxidation resistance of metals [38, 46, 63, 74-76]. 
 
2.1.2 Kinetics of metal oxidation 
2.1.2.1 Mechanism of oxidation 
The initial metal oxidation reaction involves (i) adsorption of oxygen, (ii) oxide nucleation, and 
(iii) oxide growth and coverage [34]. When a metal is exposed to an oxidizing atmosphere, physical 
adsorption of the O2 molecules on the metal surface occurs via Van der Waals interactions [71, 77]. 
The adsorbed O2 molecules dissociate into atomic oxygen, capturing electrons from the metal and 
forming chemical bond with the metal surface. These processes can be represented by the following 
equation [34]:  
Oଶሺgሻ 														ሱۛ ۛۛሮOଶሺadሻ 															ሱۛ ۛۛ ሮ 2Oሺadሻ 						௘
ష				ሱۛ ۛۛ ሮ 2Oିሺchemሻ																																						ሺ8ሻ 
It has been demonstrated that the step of adsorption begins at oxygen partial pressure 
significantly below the decomposition pressure of the oxide [34]. When the adsorbed oxygen reaches 
the critical concentration, the first oxide islands start to nucleate at discrete sites on the metal surface 
[78]. As oxidation progressed, the oxide islands grow rapidly over the entire metal surface until 
complete coverage is achieved by forming an initial oxide layer [34]. In fact, observation of the initial 
oxidation period is extremely difficult since these processes are too rapid to be monitored. 
The formation of an MO oxide layer on the metal surface can separate the reactants (metal and 
oxygen) from each other. In order to proceed the oxidation reaction, reactants must penetrate the 
oxide layer by diffusions of either metal cation towards the oxide-gas interface, or oxygen anion 
towards the oxide-metal interface [34]. Fig. 2 schematically presents the oxidation process by the 
diffusions of metal cations (M2+), oxygen anions (O2-), and electrons (e-) through the oxide layer [34]. 
It can be observed that cation diffusion leads to layer growth at the layer-gas interface, whereas anion 
diffusion leads to layer growth at the metal-scale interface. In general, the solid-state diffusion 
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through the oxide layer can proceed through the imperfections or the defect structures in the solid, 
such as point defects within the lattice, grain boundaries and micro-cracks [34, 71, 79, 80]. 
 
Figure 2: Schematic representation of the interfacial oxidation reactions and transport processes for high-
temperature oxidation mechanism: (a) cation diffusion leads to layer growth at the scale-gas interface, and 
(b) anion diffusion leads to layer growth at the metal-scale interface. Redrawn from Birks [34]. 
 
2.1.2.2 Laws of oxidation kinetics 
Continuous oxidation results in the increase in layer thickness and the weight change of the 
material [34]. The rate of oxidation, i.e., the oxidation kinetics, can be assessed by measuring the 
weight gain of the material, which is equivalent to the mass of oxygen taken into the layer according 
to equation (1) [34]. The thermogravimetric analysis (TGA) has been considered as an effective 
method to continuously record the oxidation kinetics [71]. The principal laws of metal oxidation 
kinetics have been classified as (i) linear law, (ii) parabolic law, and (iii) logarithmic law [34, 71, 81]. 
i. Linear law: the oxidation proceeds at a constant rate. The linear law is usually observed under 
conditions where the reaction is dominated by a phase-boundary process [34]. When the layer is 
extremely thin at the beginning of oxidation, or the layer cracking occurs at the non-protective 
oxidation stage, the oxidation rate is independent on the ions diffusion through the oxide layer 
[34, 82, 83]. As a result, the oxide growth kinetics obeys the linear law. The linear law is 
expressed as: 
ݔ ൌ ݇୪ݐ																																																																														ሺ9ሻ 
where ݔ is the weight change or the oxide thickness, t is the time and ݇୪ is the linear law constant. 
ii. Parabolic law: the oxidation rate is inversely proportional to the square root of time. The 
parabolic law is usually observed in the oxidation of metals with a coverage of protective, 
continuous and crack-free oxide layer [34, 83]. In this case, the oxidation mechanism is 
controlled by the ions diffusion through the oxide layer. As oxidation progressed, thickening the 
oxide layer leads to an increase in the length of diffusion path. As a result, the oxidation rate 
decreases with time and obeys parabolic law. The parabolic is expressed as: 
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ݔଶ ൌ ݇୮ݐ																																																																									ሺ10ሻ 
where ݔ is the weight change or the oxide thickness, t is the time and ݇୮ is the parabolic law 
constant. 
iii. Logarithmic law: the oxidation is characterized by an initial rapid reaction, followed by a 
significant reduction in the reaction rate [34]. The logarithmic law is typically observed for the 
formation of very thin oxide layers in the range of 2-4 nm, and is generally associated with low-
temperature oxidation [34, 81, 84]. The logarithmic law is expressed as: 
ݔ ൌ ݇୪୭୥ log ݐ ൅ A																																																																ሺ11ሻ 
where ݔ is the weight change or the oxide thickness, t is the time, ݇୪୭୥ is the logarithmic law 
constant and A is constant. 
 
2.1.3 Stress generation and protection failure 
As the oxidation reaction proceeds, stresses are generated within the oxide layer. The stresses  in 
the oxide layer is classified into: (i) growth stresses, which develop during the isothermal formation 
of the layer, and (ii) thermal stresses, which arise from differential thermal expansion or contraction 
between the alloy substrate and the layer [34]. 
 
2.1.3.1 Growth stress and Pilling-Bedworth ratio 
The generation of growth stress within the oxide is mainly attributed to the volume differences 
between the oxide formation and the metal consumption [34]. In an early study in 1923, Pilling and 
Bedworth [37] suggested that the stress behaviour within the oxide can be indicated by the Pilling-
Bedworth ratio (P-B ratio). The P-B ratio, ܴ୔୆, is expressed by: 
ܴ୔୆ ൌ ୭ܸ୶୫ܸ ൌ
ܯ୭୶୧ୢୣߩ୫ୣ୲ୟ୪
݊ܯ୫ୣ୲ୟ୪ߩ୭୶୧ୢୣ 																																																								ሺ12ሻ 
where ୭ܸ୶ is the volume of the elementary cell of the metal oxide, ୫ܸ is the volume of the elementary 
cell of the corresponding metal, M is the atomic or molecular mass, n is the number of metal atoms 
in one molecule of the oxide, ρ denotes density, and the subscripts are self-explanatory. Table 1 
summarizes the P-B ratios and the oxides of some common metals [37, 85]. In this model, if the P-B 
ratio is smaller than 1 (ܴ୔୆<1), tensile stress is expected to generate within the oxide. Such oxide 
layers, e.g. MgO, CaO, SrO, K2O and Na2O shown in Table 1, are considered as a non-protective 
layers since the internal tensile stress can cause layer cracking. In contrast, compressive stress is 
generated and the oxide layer can maintain the protection if the P-B ratio is larger than 1 (ܴ୔୆>1). 
However, if the P-B ratio is larger than 2 (ܴ୔୆>2), such as WO3 and V2O3 shown in table 1, the large 
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compressive stress within the oxide layers is likely to cause layer buckling and spalling, resulting in 
the protection failure. 
Table 1: P-B ratios and oxides of some metals [37, 85]. 
Metal Oxide P-B ratio 
Be BeO 1.70 
K K2O 0.45 
Na Na2O 0.97 
Mg MgO 0.81 
Al Al2O3 1.29 
Ca CaO 0.65 
Fe 
FeO 1.68 
Fe2O3 2.14 
Fe3O4 2.10 
Cu Cu2O 1.64 
Ti TiO2 1.78 
Cr Cr2O3 2.07 
Ni NiO 1.65 
Co CoO 1.86 
W WO3 3.30 
V V2O5 3.19 
Sr SrO 0.66 
Y Y2O3 1.13 
Zr ZrO2 1.56 
 
In this model, the growth of the oxide layer is assumed to proceed at the metal-oxide interface 
by the inward diffusion of oxygen anions (O2-) [34, 37]. However, if the growth of the oxide layer is 
controlled by the outward diffusion of metal cations (M2+), the fresh oxide nucleates at the oxide-gas 
interface, which is not constrained. In this case, the volume difference between metal and oxide is 
simply reflected in the layer thickness and no stress is generated by the oxide growth [34, 85]. 
Apparently, during the oxide growth, it is unlikely to form a completely unstressed oxide layer. 
Therefore, in addition to the volume difference indicated by the P-B ratio, other mechanisms, such as 
epitaxial stresses, compositional changes, point defect, recrystallization stresses, oxide formation 
within the layer, and specimen geometry, should also be taken into consideration in the assessment 
of the oxide growth stress [34, 85]. 
 
2.1.3.2 Thermal stress 
In practical terms, most industrial applications of metals involve temperature fluctuations. The 
thermal stress within the oxide layer can be generated during cooling because of the difference in 
coefficients of thermal expansion (CTE) of the metal and oxide [34]. The thermal stress within the 
oxide, ߪ୓୶, is expressed by [34]:  
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ߪ୓୶ ൌ ሺߙ୑ െ ߙ୓୶ሻ∆ܶ2ݐ୓୶ሺ1 െ ݒ୑ሻݐ୑ܧ୑ ൅
ሺ1 െ ݒ୓୶ሻܧ୓୶
																																																					ሺ13ሻ 
where ܧ୑ and ܧ୓୶ are the Young’s modulus of the metal and oxide, respectively, ߙ୑ and ߙ୓୶ are the 
CTE of the metal and oxide, respectively, ݐ୑  and ݐ୓୶  are the thickness of the metal and oxide, 
respectively, and ∆ܶ represents the temperature difference. In cases where the oxide is very thin 
relative to the metal thickness (ݐ୓୶ ≪ ݐ୑), the former term in the denominator of equation (13) can 
be neglected, yielding equation (14) [34]: 
ߪ୓୶ ൌ ܧ୓୶ሺߙ୑ െ ߙ୓୶ሻ∆ܶሺ1 െ ݒ୓୶ሻ 																																																										ሺ14ሻ 
According to equation (14), the magnitude of the thermal stress is proportional to the difference 
in CTE of the metal and oxide (ߙ୑ െ ߙ୓୶). Table 2 shows the linear thermal expansion coefficients 
of some common metals and their oxides [86-88]. It can be observed that the CTE of the metal is 
generally higher than that of the oxide. Therefore, compressive stresses can be generated in the oxide 
during cooling process, resulting in spalling of the protective oxide layer [85]. 
Table 2: Linear coefficients of thermal expansion (CTE) of some metals and their oxides [86-88]. 
System 
Oxide 
coefficient 
(ࢻ۽ܠ) × 10-6 
Temperature 
range (Ԩ) 
Metal 
coefficient 
(ࢻۻ) × 10-6 
Temperature 
range (Ԩ) Ref. 
Fe-FeO 12.2 100-1000 15.3 0-900 [86] 
Fe-Fe2O3 14.9 20-900 15.3 0-900 [86] 
Ni-NiO 17.1 20-1000 17.6 0-1000 [86] 
Co-CoO 15.0 20-900 14.0 25-350 [86] 
Cr-Cr2O3 7.3 100-1000 9.5 0-1000 [86] 
Cu-Cu2O 4.3 20-750 18.6 0-800 [86] 
Cu-CuO 9.3 20-600 18.6 0-800 [86] 
Mg-MgO 13.0 27-977 25.0 25-100 [87, 88] 
 
2.1.3.3 Protection failure and accelerated oxidation kinetics 
As aforementioned, the formation of an oxide barrier which separates the substrate from the 
oxidizing atmosphere is essential to the persistent oxidation resistance. However, the growth and 
thermal stresses generated within the oxide layer can cause layer cracking or spalling, and therefore 
expose the fresh metal to the oxidizing atmosphere, leading to the protection failure [34]. The 
occurrence of protection failure, i.e., non-protective oxidation, is usually associated with a transition 
from the parabolic oxidation kinetics to a linear oxidation kinetics [34, 89-91]. Fig. 3 hypothetically 
illustrates the typical non-protective oxidation behaviour of metal, as exemplified by the weight gain 
versus time. 
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Figure 3: Hypothetical weight gain versus time curve for an oxidation reaction, presenting a transition from 
the parabolic oxidation kinetics to a linear oxidation kinetics. The parabolic oxidation stage is considered as 
the incubation period. 
It can be observed that the initial weight gain, i.e., oxide growth, obeys the parabolic law between 
t0 and ta. The parabolic growth stage is considered as an incubation period, in which a compact 
protective oxide layer formed and separated the two reactants [82]. Once the layer is broken at ta, 
either by layer cracking or layer spalling, the oxide growth is significantly accelerated following the 
linear law. Therefore, the onset accelerated oxidation indicates the occurrence of non-protective 
oxidation, and the closure of the protective incubation period [74]. 
 
2.1.4 Ignition of metals 
All metals, with the possible exception of gold (Au) and platinum (Pt), can be subjected to 
ignition by continuing oxidation at high temperatures and/or further increasing the oxidation 
temperature [92]. Ignition behaviour of metals depends on the oxide stability formed on the surface 
prior to ignition. For both solid and molten metal, an ignition starts at locations where the oxide layer 
provides insufficient protection [20]. Ignition of metals can be explained by the concept of heat 
balance within the system [92]. When a metal is heated in an oxidizing atmosphere, there are two 
heat sources input to the system: 
i. External heat energy: such as the heat energy from a furnace, electrical resistance heating, and 
a hot gas. 
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ii. Internal heat energy: the heat energy released within the system by the oxidation reaction 
between the oxidizer and the metal as a gas-solid, a gas-liquid, or gas-gas reaction, depending 
upon the temperature of the metal surface and its environment. 
Simultaneously, heat can be released from the system by mechanisms such as: (i) radiation; (ii) 
conduction; (iii) convection; (iv) melting of the metal or its oxide; (v) evaporation of the metal or its 
oxide; and (vi) dissociation. As oxidation progressed, the heat input within the system can be 
significantly increased by either catastrophic oxidation, or increasing the reaction temperature. At the 
condition where the heat input exceeds the total heat loss, the oxidation reaction becomes self-
sustaining and ignition eventually occurs [92].  
The term of “ignition temperature (T i)” was used to describe a susceptibility of materials to 
initiate ignition during heating. Definitions of the ignition temperature varied throughout the literature 
[20, 93-95]. In an early study in 1934, the ignition temperature was defined as the “explosion 
temperature” when the oxidation rate suddenly became extremely high and a flame appeared [93]. 
Another study in 1964 by Federal Aviation Authority (FAA) defined the ignition temperature as the 
point where the white flame appeared and started to propagate [94]. At present, two definitions of the 
ignition temperature were proposed and widely used [95-97]: 
i. The lowest temperature associated with the observation of a flame. 
ii. The temperature at which an exothermic oxidation reaction becomes self-sustaining and causes 
a sharp temperature increase. 
The ignition temperature of metallic materials is generally measured by [33, 97-99]:  
i. Continuous heating at a constant heating rate in a furnace; or 
ii. Isothermal holding at a certain temperature level (in a furnace or by a torch).  
It should be noted that, in addition to the difference in the definition, the value of ignition 
temperature depends on the experimental conditions, such as air velocity, humidity, heating rate, 
foreign metal contact, and sample geometry [96, 100]. Therefore, although the ignition temperature 
can be expressed by exact numbers, the value measured is conceived as a means to quantify the 
susceptibility of initiating burning of metals instead of an intrinsic parameter [20]. Table 3 summaries 
the ignition temperature of some metals according to the study by Laurendeau and Glassman [101]. 
As shown in Table 3, Mg had the lowest ignition temperature of 635 C compared with other 
metals. The low oxidation resistance and high ignition susceptibility of Mg and Mg alloys have 
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created a detrimental safety issues that hinder their applications. Therefore, studies have put an 
increasing emphasis on understanding the oxidation mechanism and improving the high-temperature 
oxidation resistance of Mg alloys. 
Table 3: Ignition temperatures (Ti) of some metals. The Ti was characterized by the temperature at which the 
oxidation reaction caused sharp temperature increase [101]. 
Metal Ignition temperature (Ti) 
Bi 735±20 
Ca 790±10 
Fe 1315±20 
Pb 850±5 
Mg 635±5 
Mo 780±5 
Sr 1075±120 
Sn 940±25 
Zn 905±15 
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Oxidation of magnesium alloys at elevated temperatures in air: A review 
Qiyang Tan1, Andrej Atrens1, Ning Mo1, and Ming-Xing Zhang1,* 
1 School of Mechanical and Mining Engineering, The University of Queensland, St. Lucia, QLD 
4072, Australia 
Abstract 
This paper reviews (i) the oxidation of Mg alloys at elevated temperatures in air; (ii) the influence 
of alloying elements on the oxidation of Mg alloys; and (iii) the progress in the development of 
oxidation-resistant Mg alloys. Low oxidation rates have been shown by Mg alloys containing the 
alloying elements, Ca, Be and rare earth elements. However, these alloying elements may also 
decrease mechanical properties, such as ductility. 
Keywords: A. Magnesium; A. Alloy; C. Oxidation 
 
1. Introduction 
Mg alloys have been used since Sir Humphry Davy firstly produced pure Mg in 1808 [1]. Mg is 
the eighth most common element in the earth, and the third most abundant element dissolved in 
seawater, after sodium and chlorine [2]. Applications and production of Mg alloys are increasing. In 
2013, the global production of Mg reached 1.82 million tonnes [3]. 
The major advantage of Mg alloys is their low density. Mg is the lightest structural engineering 
metal [4]. Mg alloys have good castability, good weldability, high damping capacity, relatively high 
thermal and electrical conductivity, and are recyclable [5-8]. However, the wider use of Mg alloys is 
restricted because Mg alloys have poor cold workability, low creep resistance, low wear resistance 
and low corrosion resistance [8-17]. The low corrosion resistance is caused in part by the fact that 
Mg is a chemically active element, and the surface films are not particularly protective. Mg also has 
a high affinity to oxygen [18] so that Mg alloys have typically a low oxidation resistance in air at high 
temperatures. Furthermore, Mg alloys can cause fires during manufacturing processes, such as 
machining, casting and heat treatment, and their surface can easily become degraded. This poor 
oxidation resistance significantly restricts their wider engineering applications [19-22]. For example, 
to date, Mg alloys are restricted in aircraft interiors because Mg alloys can ignite at high temperatures 
[23-25]. Hence, the development of Mg alloys with increased oxidation resistance would widen the 
applications of Mg alloys, particularly at elevated temperatures.  
The present paper reviews the research on the oxidation of Mg alloys, and on the development 
of oxidation resistant Mg alloys. 
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2. Characteristics 
2.1 Magnesium oxide 
Mg alloys exposed in an oxygen-containing gas form magnesia (MgO) on the surface through 
the following chemical reaction [26]: 
2Mg ൅ Oଶ ൌ 2MgO																																																																			ሺ1ሻ 
MgO has a face centred cubic (fcc) lattice structure with a lattice parameter of 4.21 Å. Mg ions 
occupy all octahedral sites [27]. MgO has a high melting point of 2942 ± 50 C [28] and calcined or 
fused magnesia is widely used as a (high-temperature) insulator [26].  
However, MgO is not chemically stable in aqueous solutions. MgO reacts with water to form 
Mg(OH)2, which provides limited corrosion protection in aqueous solutions having pH values less 
than pH = 12 [8, 11, 29, 30]. MgO also provides little protection to Mg alloys against oxidation in air 
at high temperatures [27]. 
 
2.2 Solid and semi-solid alloys 
Fig. 1 presents typical oxidation behaviour, as exemplified by the weight gain of the AZ91 in air 
versus time, from the thermogravimetric analysis (TGA) study of Czerwinski [31, 32]. For clarity, 
the figure has been replotted with a logarithmic scale for the Y-axis scale. There were typically two 
oxidation stages: (i) an initial parabolic stage, and (ii) an acceleration stage. The initial parabolic stage 
has been considered to be an incubation period [26]. At 197 C, there was only the initial parabolic 
stage during which there was essentially zero weight gain at times greater than 10 min. The overall 
weight gain was low, indicating slow oxidation. The low weight gain can be attributed to the 
formation of a protective layer of MgO. In contrast, the oxidation rates accelerated after a parabolic 
stage at temperatures above 400 C. This indicated that a protective oxide layer formed on the surface 
and provided protection for some time. Subsequently, the oxide layer could no longer protect the 
substrate from oxidation. With increasing temperature from 437C to 487C, the incubation period 
decreased from 25 to 13 minutes. The same behaviour occurred for the solid Mg alloy after partial 
melting, as at 472 C and 487 C. 
Fig. 2 exhibits the corresponding macroscopic surface morphologies of the AZ91 after oxidation 
in air [32]. Fig. 2a shows that at 387 C (i.e. below 400 C) the surface was flat after 10 hour oxidation. 
Fig. 2b shows that at 497 C, the substrate was fully covered by dark oxide nodules after 1 hour. Fig. 
2c shows that at the higher temperature of 547 C, there resulted the typical cauliflower morphology 
as the product of the burning of the Mg alloy. 
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Figure 1: The thermogravimetric measurements of weight change versus time for as-cast Mg-9Al-1Zn in air 
at 197 C, 437 C, 472 C and 487 C. The small weight gain at 197 C represented a slow oxidation speed. 
The oxidation rate dramatically increased at temperatures above 400 C and indicated a rapid oxidation stage, 
after an incubation period. Redrawn from Czerwinski [32] and used with permission from Elsevier. 
 
Figure 2: Macroscopic surface morphologies of AZ91 after oxidation in air for the following conditions. (a) 
After 10 hour at 387 Ԩ, the surface was flat and a change of colour from bright metallic to matte grey indicated 
the formation of a uniform surface layer. (b) After one hour at 497 Ԩ, the surface was covered with black 
oxide nodules. This was typical of a catastrophic oxidation and a non-protective surface layer. (c) After 10 
min at 547 Ԩ, the cauliflower morphology was typical of burning Mg. Reproduced from Czerwinski [32] with 
permission from Elsevier. 
 
2.2.1 Temperatures less than 400 C  
Czerwinski [26] considered that amorphous MgO forms on Mg alloys at room or at low 
temperatures. However, it seems more likely that the MgO formed at these low temperatures is 
crystalline. This is based on the possible similarity to the passive film formed on stainless steel, where 
more recent research has shown that the film is crystalline [33, 34] even though the earlier researchers 
assumed that the surface film was amorphous [35]. Fournier et al. [29] measured the oxide thickness 
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formed on pure Mg in an O2 atmosphere at different temperatures using X-ray photoelectron 
spectroscopy (XPS). The oxide thickness was 1.5 nm after 15 min at room temperature, 2.6 nm after 
15 min at 300 Ԩ, and 4.3 nm after 60 h at 300 Ԩ, which was similar to the thickness as the Al2O3 
oxide layer formed on pure Al [36, 37]. However, once the oxidation temperature exceeded 400 Ԩ, 
the oxide grew rapidly to 4.3 nm in 15 min. Low oxidization rates below 400 Ԩ were also reported 
by Medved et al. [38] on Mg alloys including AM50, AM60 and AE42. The oxidation weight gains 
at 200 Ԩ and 400 Ԩ were negligible up to 10 hour.  
These results indicated that 400 C is a critical temperature for the oxidation of Mg alloys. Below 
400 C, the MgO layer formed on Mg alloys is compact and provides protection of the substrate from 
further oxidation [32]. Above 400 C, the oxidation becomes faster after a parabolic growth period 
and the protective capacity of the MgO disappears. 
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Figure 3: Oxidation kinetics of Mg-2.63 at.% Al at 31 Ԩ and indicated oxygen pressures, as-measured by 
real-time in situ spectroscopic ellipsometry (RISE). Parabolic kinetics were obtained. Initially, the oxide film 
grew rapidly and a higher oxygen pressure led to a higher growth rate and shorter duration. Subsequently, 
the growth rate was constant and independent on the oxygen pressure, indicating a protective surface film that 
controlled the oxidation rate by transport of species through the surface film. Redrawn from Jeurgens [39] 
and used with permission from Elsevier. 
Jeurgens et al. [39] used real-time in-situ spectroscopic ellipsometry (RISE) to study the 
oxidation kinetics of a Mg-2.63 at.% Al alloy at 31 C and various low oxygen pressures. Fig. 3 
shows that the variation of oxide film thickness followed parabolic kinetics. The present authors 
considered that this indicates (i) the separation of the two reactants by the MgO oxide layer formed, 
and (ii) the control of the oxidation by transport of species within the MgO oxide layer.  
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Hence, at low temperatures, the MgO layer is considered a compact film that provides 
protection to the substrate from oxidation. 
 
2.2.2 Temperatures above 400 C 
At temperatures above 400 C, non-protective oxidation occurred in both pure Mg and Mg alloys 
[29, 38]. Fig. 1 indicates initial parabolic growth kinetics followed by significant weight gain at 
temperatures above 400 C. Czerwinski and co-workers [26] considered the parabolic growth stage 
as an incubation period, in which a compact protective thin oxide films formed and separated the two 
reactants. However, after the incubation period, the oxide layer was broken and nodular oxide growth 
began [26, 31, 32]. Once the oxide layer was broken, non-protective oxidation occurred and the 
oxidation kinetics were rapid, indicating that the oxidation rate was significantly accelerated. Growth 
of oxide nodules replaced the uniform layer formed at the initial stage. With increasing oxidation 
time, the nodules coalesced into a continuous layer that covered the entire alloy surface as illustrated 
in Fig. 2b. Fig. 1 allows estimation of the time to the onset of accelerated oxidation for AZ91. The 
incubation period was ~25 minutes at 437 C, and was decreased to ~13 minutes at 487 C, indicating 
a decrease in oxidation resistance.  
Similar results were reported for AM, AE, ZC, ZE series of Mg alloys in the temperature range 
from 400 to 500 C [38, 40, 41]. At temperatures below 400 C, the weight gains of AM60 and AE42 
for 12 hour followed a parabolic law. At 450 C, linear growth started after ~2 hour, and this period 
was shortened to 1.5 hour at 500 C [38]. Lee and co-workers [40] found that, for a SiC reinforced 
ZC63 Mg alloy based composite, there was a negligible weight gain after 5 hour in air at 410 C; but, 
the incubation period only lasted for 1 hour at 450 C, and 0.4 hour at 470 C, followed by linear 
oxidation kinetics. Lopez and co-workers [41] reported a similar phenomenon in ZE41, which is a 
high-temperature Mg alloy. The critical temperature was 450 C. TGA test showed that the oxidation 
followed parabolic kinetics for about 5 hour below 450 C. In contrast, at 500 C linear kinetics 
started after a 1.5 hour incubation period. Leontis and Rhines [42] reported similar results for the 
oxidation of pure Mg over a temperature range from 500 C to 575 C. 
In summary, there is a critical temperature, which ranges from 400 to 450 C depending on the 
composition of the Mg alloy. Below this critical temperature, the growth of the MgO film is slow, 
and the oxide protects the substrate from oxidation. Above this critical temperature, oxidation consists 
of two stages. In the initial stage, which is also the incubation period, the oxidation follows parabolic 
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kinetics. Then, there is linear growth kinetics, which represents the accelerated oxidation stage. 
Higher temperatures are associated with a shorter incubation period. 
  
2.3 Ignition and burning  
Oxidation at high temperatures may cause ignition and burning of a Mg alloy. A feature of Mg 
burning is the emissions of significant heat and bright visible light [43]. There is a significant Mg 
vapour pressure [26, 31, 43, 44] when the alloy becomes semi-solid or molten at high temperatures. 
The Mg vapour saturates the porous oxide and provides a large surface area between vaporised Mg 
and oxygen, and creates conditions that favour ignition and burning [43]. Fig. 2c shows the intensive 
surface oxide sponges and cauliflower morphology, which is regarded the result burning of the Mg 
alloy [26, 31].  
The ignition temperature was conceived as a means to characterise the susceptibility of initiating 
burning of Mg alloys. Because of the exothermic nature of Mg burning, the ignition temperature has 
been measured as the temperature associated with a sharp increase of the alloy temperature [26, 27, 
43] when the Mg alloy was subjected to a temperature ramp in air in a furnace. The ignition 
temperature of pure Mg ranged from 620 C to 650 C [45-47], which is close to or equal to the 
melting temperature of pure Mg of 650 C. For Mg alloys, ignition may occur at lower temperatures, 
either below or slightly above the solidus, because localized melting of the alloy significantly 
accelerates the Mg evaporation rate. For example, the ignition temperature of AZ91 was measured to 
be 600 C in one test [48] and 520 C in air in another test in which the holding time was 20 min [49]. 
This indicates that there can be a wide variation in the measured ignition temperature, which clearly 
depends on the method of measurement. 
The oxidation products of burning Mg alloys are more complicated than the products of oxidation 
without burning. Temperature between 3000 C to 5000 C have been reported in a Mg flame due to 
the large amounts of heat generated in the burning of Mg [50, 51]. At these high temperatures, 
nitrogen, which does not appreciably react with Mg at lower temperatures, becomes a reactant by the 
following reaction [43, 52]: 
3Mg ൅ Nଶ ൌ MgଷNଶ																																																																		ሺ2ሻ 
Thus, the products of burning of pure Mg include MgO and the greenish yellow magnesium 
nitride, Mg3N2. In Mg-Al alloys, aluminium nitride AlN and Mg-Al spinel MgAl2O4 have also been 
detected after burning [43, 53]. 
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2.4 Molten alloys 
Mg is typically melted in mild steel crucibles at temperatures above 650 C, which is the melting 
temperature of pure Mg [54]. The oxidation of molten Mg is more rapid than oxidation at lower 
temperatures, and there is typically the tendency for ignition and burning of molten Mg [55]. Balart 
et al. [56] found that the oxidation of molten AZ91 in air involved (i) the formation of an oxidation 
layer, (ii) nodular growth, and (iii) ignition and burning. The surface had two distinct characteristic 
regions: (i) the layer growth region and (ii) the nodular growth region. There were also yellow nitrides 
on the surface, as a result of burning. These characteristics are schematically shown in Fig. 4. The 
macroscopic uniform oxide layer is considered a product formed during the initial oxidation stage. 
After the initial oxidation period, there is oxidation associated with an oxidation product in the form 
of oxide nodules, and subsequently the alloy ignites and burns. Some of the burning products remain 
on the Mg alloy surface. The high vapour pressure of Mg at these temperatures means that oxidation 
associated with the uniform layer growth has been quickly replaced by oxidation with nodular growth, 
and burning with the associated cauliflower morphology. 
 
Figure 4: Schematic oxidation behaviour of molten Mg alloys. The uniform layer formed at the initial stage 
is quickly replaced by oxide nodules and subsequent ignition and burning. The uniform oxide layer, oxide 
nodules and nitrides are marked. 
Liu and co-workers [57] using TGA measurements found that pure Mg and AZ91 exposed at 760 
C in air containing 0.001 vol.% HFC-134a exhibited linear oxidation kinetics without an incubation 
period. This implied that the rapid oxidation occurred directly on the surface of the melt. The 
oxidation products on the surface of the pure Mg were MgO and Mg3N2, whereas the surface of the 
AZ91 melt contained MgO with small amounts of Mg3N2, AlN, MgAl2O4 [57]. AlN and Mg3N2 were 
considered as burning products as a result of the chemical reaction of nitrogen with Al and Mg vapour 
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during burning [56]. When the temperature was above 850 C, a freshly exposed surface 
spontaneously burst into flame [54].  
 
2.5 Flammability 
Mg alloys are prone to burn when in contact with an open flame or other heat source, and Mg 
flames are difficult to extinguish [23, 24, 43]. The term flammability was used by Czerwinski [23] to 
describe the tendency to continued burning of the Mg alloy despite flame removal. 
Liu et al. [24] found that the burning of AZ31, WE43 and ZE10, studied using a cone calorimeter 
at a radiation power of 65 kW/m2, showed the following common characteristics. The side and upper 
faces of the specimens developed protuberances. The number of protuberances increased, these 
protuberances began to ignite and became more prominent. The initial small saffron flames changed 
to a strong dazzling white flame, and the specimens burned steadily. However, the burning 
characteristic after heat source removal was not analysed in this study.  
Prasad et al. [58, 59] found that there was no burning before melting in their study of the 
flammability of a range of Mg-X binary alloys (X = Al, Ca, Si, Sn, Sr, La, Mn, Zn, Zr, Ce, Gd, and 
Nd), AZ61 and AZ91, using a flame test as illustrated in Fig. 5 as a top view. One end of the horizontal 
Mg alloy sample (typically 20 mm in diameter and 200 mm in length) was subjected to a liquefied 
petroleum gas (LPG) flame with a temperature of ~1100 C. Thermo-couples allowed estimation of 
the flame temperature, and the temperature at the ends of the Mg alloy sample. 
 
Figure 5: The flame test to study the oxidation of Mg-X (X = Al, Ca, Si, Sn, Sr, La, Mn, Zn, Zr, Ce, Gd, and 
Nd) and two typical Mg alloys-AZ61 and AZ91 is shown schematically in a top view. One end of the Mg alloy 
sample (typically 20 mm in diameter and 200 mm in length) was subjected to a liquefied petroleum gas (LPG) 
flame with a temperature of ~1100 C. Thermo-couples allowed estimation of the flame temperature and the 
temperature at the ends of the Mg alloy sample. Reproduced from Prasad [58] with permission from Elsevier. 
27 
 
In all tests there was no burning until the specimen tip melted. Melting occurred at the melting 
temperature for pure Mg. For Mg alloys, burning typically commenced at lower temperatures because 
Mg alloys start to melt at temperatures lower than that of pure Mg. 
Fig. 6 shows a typical test for AZ61. The tip of the AZ61 specimen was subjected to the LPG 
flame. Localized ignition occurred after the specimen tip melted (Fig 6a) followed by burning of the 
specimen tip (Fig. 6b). The fact that burning required alloy melting indicates that Mg vapour is the 
burning species [58]. This indicates that the mechanism of burning for Mg alloys involves the alloy 
melting, vaporization of Mg, and the burning of Mg vapour. After the specimen end had been 
subjected to the LPG flame for some time, the specimen tip melted and often a blob of molten Mg 
alloy separated from the specimen tip and fell to the foundry floor.  
 
Figure 6: Flame melting test using AZ61. (a) The specimen tip exposed to the LPG flame melted and partially 
ignited; (b) Subsequent burning of specimen tip. (c) The detached ignited blob continued to burn whereas the 
flame of the specimen tip extinguished in the absence of the LPG flame. Reproduced from Prasad [58] with 
permission from Elsevier. 
Fig. 6c illustrates what typically happened when the LPG flame was removed from the end of 
the Mg specimen. The burning blob of molten Mg alloy continued to burn until all the Mg was 
consumed. The burning end of the Mg specimen extinguished. This was attributed to the heat 
conduction away from the hot end of the horizontal specimen by conduction along the specimen. 
When the LPG flame was applied to the end of the horizontal specimen, there was sufficient heat 
input to maintain molten Mg at the end of the specimen, and the molten Mg provided sufficient Mg 
vapour to maintain burning. When the LPG flame was removed, the heat generated by the burning 
Mg was less than the heat conducted away from the hot end of the horizontal specimen by conduction 
along the specimen. As a result, the end of the horizontal Mg specimen cooled, the molten Mg 
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solidified. At this stage, the Mg vapour was insufficient to maintain the flame, and the flame 
extinguished. In contrast, the molten blob of Mg on the sand of the foundry floor continued to be 
molten because, in that case, there was little conduction of heat away from the molten blob, and the 
flame of the burning Mg alloy provided sufficient heat and Mg vapour to maintain the Mg flame [58]. 
Marker [60], from the Federal Aviation Administration (FAA), studied the flammability of AZ31, 
WE43 and EV31A through both the laboratory and a full-scale aircraft fire tests. Mg alloys ignited 
and burned with an intense flame after melting. This again indicates that Mg vapour is the burning 
species because the burning required alloy melting. AZ31 burned steadily despite the removal of the 
heat source in these experiments. In contrast, burning ceased on heat removal for the Mg alloys 
containing the rare earth (RE) elements (WE43 and EV31A). Unfortunately, the mechanism of the 
RE elements in the flammability resistance was not analysed. The present authors consider that the 
RE elements promoted formation of dense oxide layer on the surface of molten Mg alloys, which 
prevented the further vaporisation of Mg, and therefore suppressed the burning. Subsequently, Marker 
[61] showed, using full scale flammability tests, that the use of WE43 in the construction of seat 
frames did not cause a significant change to the survivability to a survivable aircraft accident 
compared with the use of standard aluminium alloys. 
Burning of Mg is accompanied by the vaporisation of Mg. The Mg vapour significantly expands 
the contact area with oxygen, and leads to the burning with a flame. In addition, the burning of Mg is 
a vigorous exothermic process that releases a large amount of heat [23, 58]. The heat generated 
contributes the steady flame, and makes the flame difficult to extinguish. Thus, Mg alloys were 
historically prohibited from use in the aircraft cabin. To widen the applications of Mg alloys in the 
aerospace industry, development of ignition-resistant and non-flammable Mg alloys is desirable. 
 
3. Mechanisms 
3.1 P-B ratio 
MgO-magnesia is the major oxidation product of Mg alloys. However, MgO provides marginal 
oxidation protection, unlike Al2O3 and Cr2O3, which effectively protect Al alloys and stainless steels 
from oxidation [27]. As previously mentioned, there is a critical temperature above which the 
oxidation rate of Mg alloys becomes significant.  
In an early study in 1923, Pilling and Bedworth [62] suggested that the protective ability of an 
oxide formed on a metal can be indicated by the Pilling–Bedworth ratio (P-B ratio). The P-B ratio, 
RPB, is given by:  
ܴ୔୆ ൌ ܯ୭୶୧ୢୣߩ୫ୣ୲ୟ୪݊ܯ୫ୣ୲ୟ୪ߩ୭୶୧ୢୣ 																																																																	ሺ3ሻ 
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where the numerator relates to the volume of the elementary cell of the metal oxide; the denominator 
relates to the volume of the elementary cell of the corresponding metal, from which the oxide is 
created; M is the atomic or molecular mass, n is the number of metal atoms in one molecule of the 
oxide, ρ denotes density, and the subscripts are self-explanatory.   
The oxide layer is expected to be not protective if the RPB value is less than 1.0. A protective 
layer may be associated with RPB values between 1.0 and 2.0. If RPB the value is greater than 2.0, the 
oxide layer is expected to be thick, tend to chip off, and provide little protection.   
The RPB value of MgO on Mg is 0.81. Thus, the oxide layer is not compact, and may not be able 
to provide protection to the substrate from oxidation, particularly at elevated temperatures [44, 62], 
even though MgO is easily formed due to the high affinity of Mg to oxygen. 
 
3.2 Diffusion of Mg2+ ions  
The understanding of the oxidation of Mg can be helped by a consideration of the transport of 
species through the oxide that forms on the Mg surface during oxidation. The following paragraphs 
briefly reviews the mechanism of diffusion-controlled growth of the MgO layer based on Czerwinski 
[27]. 
In MgO, the typical point defects are Schottky defects. These point defects form in a lattice 
containing oppositely charged ions when ions leave lattice sites and create vacancies that allow the 
diffusion of Mg2+ [63]. The formation of a cation vacancies can be described by the following reaction 
[64]:  
1
2Oଶ ൌ O୭ ൅ 2h
· ൅ V′′୑୥																																																																ሺ4ሻ 
where O୭ , h· , V′′୑୥  represent an O ion, an electron hole in the valence band, and a magnesium 
vacancy site with double ionisation, respectively [65].  
Wagner’s oxidation theory [66] indicates that Mg oxidation involves the outward diffusion of 
Mg-cations through the MgO surface layer, from the metal-oxide interface to the oxide-air interface. 
Thus, the growth of the MgO layer is primarily governed by the outward diffusion of Mg-ions.  
The MgO film is thin and assumed crack-free at the beginning of the oxidation. Thickening of 
the oxide layer is accompanied by the outward diffusion of Mg-ions, which leads to the inward 
vacancy flux, which may create voids at the metal-oxide interface [26]. Accumulation and segregation 
of such defects eventually introduces internal stress in the oxide film. At the critical thickness, the 
internal stress is sufficiently high to cause cracking [67]. Such cracks can act as transport channels 
for Mg vapour [31], and therefore promote oxidation.  
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Assuming a crack-free continuous surface oxide layer, the thickness of the oxide layer is related 
to the diffusion of Mg2+ cations. The thickening rate, ୢ௑ୢ௧  , can be expressed by Fick’s first law [27]: 
dܺ
dݐ ൌ Ω∆ܿ
ܦ
ܺ 																																																																									ሺ5ሻ 
where, X is the oxide thickness, t is time, Ω is the volume of the oxide per reactant ion, ∆c represents 
the concentration difference across the oxide film, and D is the diffusion coefficient of the Mg2+ ions 
inside the oxide.  
Early studies showed that both lattice and grain boundary diffusion contributed to the oxidization 
[68]. Hence, the diffusion coefficient D can be expressed as [69]: 
ܦ ൌ ܦ୐ሺ1 െ ݂ሻ ൅ ܦ୆݂																																																															ሺ6ሻ 
where DL and DB are the lattice and grain boundary diffusion coefficients, respectively, and f denotes 
the fraction of the diffusion along grain boundaries. Assuming a cubic shaped grain, the fraction f can 
be calculated from [68]: 
݂ ൌ 2δܧ୲ 																																																																													ሺ7ሻ 
where δ is the grain boundary width and Et is the oxide grain size at oxidation time t, which can be 
experimentally measured. Perrow and co-workers [70] found a parabolic growth in the grain size of 
NiO oxide with oxidation time t. Because MgO growth has the same mechanism as NiO, which 
involves outward migration of cations [64], it is reasonable to assume parabolic growth in MgO in 
the early stage of oxidation. This can be expressed using the following equation (8): 
ܧ୲ଶ െ ܧ଴ଶ ൌ ܩݐ																																																																						ሺ8ሻ 
where E0 represents the initial grain size and G is the grain growth parameter. Substituting the 
equations (6)-(8) into (5), the growth rate of the MgO oxide layer is formulated as follows [71]: 
dܺ
dݐ ൌ
Ω∆ܿ
ܺ ቈܦ୐ ൅
2δሺܦ୆ െ ܦ୐ሻ
ሺܧ଴ଶ ൅ ܩݐሻ଴.ହ ቉																																																						ሺ9ሻ 
This analysis of Mg diffusion and oxide growth has been used to provide a qualitative 
interpretation of the low oxidation rates of Mg at low temperatures below 400 C. The growth rate of 
the MgO surface layer is expected to increase with temperature because both the lattice and grain 
boundary diffusion increase with increasing temperature [72]. It has been considered that, at low 
temperatures, lattice diffusion by a vacancy mechanism is the only channel for Mg ions diffusion [27], 
because MgO has been considered to be amorphous or monocrystalline with no grain boundaries at 
room temperature or at slightly higher temperatures [26, 27]. The diffusion coefficient DL can be 
expressed by the Arrhenius equation [72]: 
ܦ୐ ൌ 1.0 ൈ 10ି଺ exp ൬െ150000Rܶ ൰		m
ଶ s⁄ 																																							ሺ10ሻ 
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where R is the gas constant and T is the temperature (in K). Even at 400C (673 K), the lattice Mg 
ion diffusion coefficient is 2.24 ൈ 10-18 m2/s, which is small. Hence, as there is no grain boundary 
diffusion, lattice diffusion is too slow to allow a substantial oxidation rate. However, there has not 
been an attempt to relate the actual oxide thickness and actual oxidation rate to the actual Mg ion 
diffusion coefficient. Thus, this model is qualitative.  
Furthermore, as discussed above, there is no reason to assume that MgO formed at low 
temperature oxidation is amorphous. Early studies by Finch and Quarrell [73, 74] found an abnormal 
crystal structure of a thin MgO film, while such a structure was not observed in a thicker MgO layer. 
It seemed that the abnormal crystal structure of the thin MgO film was pseudomorphic. Because the 
P-B ratio of MgO is 0.81, the internal stress could lead to strain in a thin MgO film and caused such 
a pseudomorphism. Therefore, the thin MgO film formed at low temperatures should be crystalline. 
At room or slightly higher temperatures, MgO could be monocrystalline without grain boundaries. 
Thickening the film at higher temperatures can be accompanied with transforming the 
monocrystalline MgO layer to a polycrystalline MgO layer. In addition, previous studies showed that 
the defect density in a thin MgO film was lower than that in a thick film [32]. 
At temperatures higher than 400 C, diffusion is accelerated. The higher temperature accelerates 
the lattice diffusion of Mg2+ cations, and grain boundary fast diffusion (DB) becomes possible because 
the MgO is polycrystalline at higher temperatures [73]. Czerwinski and Lea [27, 72] indicated that 
grain boundary diffusion is two orders of magnitude faster than lattice diffusion. Thus, at high 
temperature, the outward diffusion of Mg2+ cations in the polycrystalline oxide layer is significantly 
faster. In addition to the film thickening, the faster outward diffusion of Mg2+ cations is associated 
with faster inward vacancy flux, creating voids at the interface between the oxide layer and the metal 
substrate [26]. These voids cause local stress, contributing to film cracking. As a result, the interface 
experiences a morphological change, and cracks form within the oxide layer. The cracks can 
accelerate the oxidation rate by providing a path for the diffusion of Mg vapour as discussed in the 
next section. 
 
3.3 Evaporation  
Fig. 7 illustrates the typical morphologies that form on the Mg surface during oxidation at high 
temperatures. The non-protective nature of the thick oxide layers at high temperatures has been 
recognized for a few decades [75]. Fig. 7a illustrates the ridge morphology on AZ91 after air-
oxidation at 487 C for 1 min, from Czerwinski [32]. An oxide ridge was generated by the reaction 
of oxygen with Mg at oxide cracks. Fig. 7b illustrates the nodular morphology produced by an 
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increase in the oxidation temperature or oxidation time, which is dominated by Mg evaporation [26, 
32].  
 
Figure 7: Typical morphologies on the Mg surface during oxidation at high temperatures: (a) The oxide ridge 
morphology formed on Mg-9Al-1Zn after oxidation at 487 Ԩ for 1 min; (b) a cross-sectional view of individual 
oxide nodule formed at 527 Ԩ after 5 min. Reproduced from Czerwinski [31] with permission of Springer. 
Mg vaporization is a typical feature of Mg oxidation at high temperatures. The vapour pressure 
of Mg and Al in equilibrium with solid Mg and solid Al is given, for the temperature range 298 K to 
923 K, by [76]: 
log ୑ܲ୥ ൌ 13.495 െ 7813ܶ െ 0.8253logܶ																																													ሺ11ሻ 
log ୅ܲ୪ ൌ 14.465 െ 17342ܶ െ 0.7927logܶ																																												ሺ12ሻ 
where P is the vapour pressure (in Pa) and T is the temperature (in K). At 400 C (673 K), the vapour 
pressures of Mg and Al are 0.36 Pa and 2.9 × 10-14 Pa, respectively. The vapour pressure of Mg at 
400 C is thirteen orders of magnitude greater than that of Al. The high vapour pressure of Mg at 
elevated temperatures contributes to the high temperature oxidation of Mg alloys. Gulbransen [44] 
found that the contribution of evaporation to the oxidation increased with increasing temperature for 
pure Mg. The vaporisation of Mg was thought to be responsible for the porous oxide film above 450 
C as the evaporation rate was 2.2 × 10-6 g cm-2 min-1, which is two orders of magnitude higher than 
that at 400 C [44]. Smeltzer [69] also found that rapid oxidation occurred in an Al-3 wt.% Mg alloy 
due to Mg evaporation at temperatures above 400 C. 
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The high evaporation rate of Mg can lead to micro-cracks inside the MgO layer and a ridge 
morphology on the surface in the early stage of oxidation as shown in Fig. 7a. The Mg vapour can 
rapidly reach the oxide-air interface through the micro-cracks and the voids formed in the surface 
oxide. Reaction of the Mg vapour and oxygen forms oxide nodules [32]. Fig. 7b presents a typical 
oxide nodule. The surface oxide is non-protective and oxidation follows linear kinetics [27]. The 
linear kinetics implies that the oxidation rate does not depend on the thickness of the surface oxide 
layer, because oxygen and Mg vapour can easily penetrate through the open cracks and voids to the 
metal-oxide and oxide-air interfaces. As oxidation continues, the oxide nodules grow, coalesce and 
form a loose structure.  
 
Figure 8: Schematic of the stages for MgO growth on AZ91 at high temperature: (a) a compact layer showing 
protective properties; (b) cracking of the layer and growth of oxide ridges; (c) nodular growth accompanied 
with linear kinetics; (d) coalescence of nodules and the formation of loose layer with pores. Reproduced from 
Czerwinski [31] with permission of Springer. 
Fig. 8 provides a schematic of the Mg oxidation mechanism at high temperatures [26]. Fig. 8a 
proposes that, in the initial stage, a protective compact continuous oxide layer forms, through which 
Mg ions diffuse outwards. At this stage, the oxide growth follows parabolic kinetics. Fig. 8b shows 
that voids and cracks form. Voids at the Mg metal surface allow Mg vaporization. The cracks allow 
penetration of oxygen and outward vapour phase diffusion of Mg vapour. The reaction of oxygen 
with the metal at the crack walls leads to an outward growth of ridges [26, 31]. At high temperatures, 
these two stages are short. Fig. 8c illustrates that further oxidation is accompanied by the growth of 
nodules through Mg evaporation. Mg vapour diffuses by vapour phase diffusion through the cracks, 
reaction with oxygen, and the deposition of the Mg oxide leads to the formation of Mg oxide nodules. 
Czerwinski [31, 32] claimed that an onset of accelerated oxidation is associated with the growth of 
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oxide nodules. At this stage, there is a non-protective oxide layer, and the oxidation has linear kinetics. 
Fig. 8d illustrates that further oxidation leads to the coalescence of the nodules leading to the 
formation of a loose surface layer with high porosity. Such a morphology is also called a sponge [38]. 
Continuing oxidation and/or increasing temperatures can cause a violent reaction and burning, 
producing a cauliflower morphology [31, 32, 77].   
 
3.4 Intermetallic phases 
High temperature oxidation of a Mg alloy in air is typically associated with a change of the 
microstructure and melting of second phases. The eutectic temperature of the Mg-Al system is 437 
C. Above this temperature in Al-rich Mg alloys, the eutectic micro-constituent spheroidizes and 
melts [38, 78]. Similarly, CuMgZn intermetallic in ZC63 decomposed into α-Mg during oxidation at 
temperatures above 450 C [40]. Because of the localized melting at high temperatures, liquid islands 
form in the alloy, which accelerate the evaporation Mg [31]. Consequently, growth of the oxide 
nodules is accelerated.  
Fig. 9 provides a schematic of the late stage oxidation of a Mg alloy. Melting of the intermetallic 
compounds produces high local pressures of Mg vapour. If such a region is associated with cracks in 
the oxide, Mg vapour diffuses through the cracks and is oxidized at the oxide surface, contributing to 
the growth of the oxide nodule. The oxidation resistance in this temperature range can be improved, 
as shown by Pan et al. [79] by a two-step annealing method to eliminate the eutectic micro structures 
in Mg alloys. Pan and co-workers’ work may provide an innovative approach to increase the oxidation 
resistance of Mg alloys. 
 
Figure 9: Schematics of the formation mechanism and internal structure of an oxide nodule. Melting of the 
intermetallic phases can produce locally high vapour pressures of Mg vapour. If such a region is associated 
with cracks in the oxide, Mg vapour can diffuse through the cracks, be oxidized at the oxide surface, and 
contribute to the growth of the oxide nodule. Reproduced from Czerwinski [26] with permission of Springer. 
35 
 
Arrabal et al. [80] analysed the oxide morphology and elemental distribution for AZ91 after 
oxidation in air at 410 C for 4 hour. After oxidation, the pore size on the surface was similar to that 
of the β-phase particles. EDS showed the Zn content in the β-phase reduced sharply after oxidation 
while the α-Mg at the surface did not have significant changes in Zn content. Thus, Arrabal et al. [80] 
suggested that, in addition to the Mg vapour, the vaporisation of Zn during dissolution of the β-phase 
(Mg17Al12) also contributed to the film cracking and led to the superficial pores.  
Intermetallic phases, particularly those in a eutectic microstructure along the grain boundaries, 
are also responsible for selective oxidation owing to their low melting temperature [26]. Selective 
oxidation causes a serrated interface between the oxide layer and the metal, which increases the 
surface area available for Mg evaporation and oxygen penetration.  
 
Figure 10: Proposed oxidation mechanism of AZ91 at 410Ԩ. Selective oxidation accompanied with Zn 
sublimation leads to a pit. Further oxidation enlarges the pit, resulting in formation of loose oxide nodules. 
The consumption of Mg by oxidation leads to a local increase in the Al content at the oxide/substrate interface. 
Reproduced from Arrabal [80] with permission of Springer. 
Fig. 10 presents the model proposed by Arrabal et al. [80] describing the oxidation of AZ91. 
During long time exposure at high temperatures, the dissolution of the β-phase is accompanied by the 
formation of pores at the surface by Zn sublimation, leading to the partial break-up of the initial oxide 
film at the pores, and where grain boundaries intersect the surface. Thus, at the pit regions, Mg cations 
and Mg vapour can directly react with oxygen, resulting in the formation of loose oxide nodules. 
Further oxidation leads to expansion of the oxidized pit region. An Al-rich region is formed below 
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the loose oxide because of the consumption of Mg during oxidation, leading to the local increase in 
Al concentration at the oxide/metal interface. Finally, the surface is replaced by a loose MgO sponge 
under which is an Al-rich layer [80]. This model could explain the oxidation mechanism around the 
eutectic temperature but it did not involve local melting or the formation of liquid islands that could 
accelerate the oxidation rate [26, 27, 38]. Hence, although the selective oxidation takes the 
intermetallic compounds into account in the oxidation of Mg alloys, the model needs further 
refinement. 
 
4. Evaluation of the Mg oxidation mechanism 
Due to the high affinity to oxygen, Mg alloys are easily oxidized and form MgO on the surface 
even at low temperatures. Because the P-B ratio of MgO is low, MgO is expected to have an 
incompact structure. Nevertheless, at room or relatively low temperatures, a thin MgO film covers 
the surface of the Mg alloy. Because the diffusion rate of Mg2+ in the MgO film is slow, and the 
defect density in a thin MgO film is low at low temperatures, the thin MgO is considered to be 
compact and can provide protection of the substrate from oxidation. Thus, at low temperature, the 
oxidation rate of Mg alloys is slow. 
Above the critical temperature, which ranges from 400 to 450 C depending on the composition 
of the Mg alloy, oxidation consists of two stages. In the initial stage, which is also the incubation 
period, the oxidation follows parabolic kinetics. Then, there is linear growth kinetics, which 
represents the accelerated oxidation stage. Higher temperatures are associated with a shorter 
incubation period.  
There are a number of factors that promote oxidation. High temperature leads to faster diffusion 
of Mg2+ cations, which thickens the compact film formed at the initial stage. Thickening of the film 
results in a loss of protection because of the voids formed as a result of segregation of vacancies at 
the metal oxide interface. At higher temperatures there is, in addition, melting of the eutectic 
microstructure, and Mg vaporisation. All these contribute to the film cracking. The cracks within the 
oxide allow easy outward vapour phase diffusion of Mg vapour to the surface, and inward penetration 
of oxygen. As a result, the morphology of the surface oxide changes from a compact structure to a 
ridges morphology. Further oxidation leads to nodular growth by significant diffusion of Mg vapour 
through the cracks, and reaction with oxygen at the oxide-air interface. Finally, a loose structure 
(sponge) forms after coalescence of the nodules. 
For molten Mg alloys, the oxidation is governed by the vigorous evaporation of Mg. The 
incompact MgO layer rapidly changes to a highly porous morphology because of the Mg vaporisation. 
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Direct reaction of the Mg vapour with oxygen causes ignition. The large amount of heat generated by 
this exothermic process enables a steady flame. In addition, the molten Mg provides sufficient Mg 
vapour to maintain burning. 
Burning of one end of a horizontal solid Mg rod occurs when there is sufficient heat to cause 
melting. Burning of a Mg rod continues as long as there is a heat source applied to one end. The 
burning stops when the heat source is removed because the heat conduction away from the hot end 
decreases the temperature of the Mg rod below the melting temperature, resulting in insufficient Mg 
vapour to maintain flame. In contrast, an isolated molten blob of Mg continues to burn until consumed. 
Although the characteristics and mechanisms of the oxidation of Mg alloys at elevated 
temperatures have been extensively studied, there are still gaps in knowledge. In an early study, the 
ignition temperature of a thin magnesium ribbon was found to be 507 C [81]. In another study, 
however, fine Mg powder with a particle size of 6 μm already ignited at 437 C [82]. By comparison, 
the bulk forms of Mg alloys ignite only after melting as discussed in Section 2.5. Thus, shape is a 
significant factor in the oxidation of Mg alloys, but, there is not a quantitative model to describe such 
features. However, it is clear that the ignition temperature depends on the experimental condition. 
Lower ignition temperature are measured for the test with slower heating rate and for samples with 
greater specific surface area. The important factor is the accumulation of a critical concentration of 
Mg vapour. 
 
5. Common alloying elements 
Chemical composition, which determines the microstructure of the Mg alloy, is another 
important factor influencing oxidation. Al, Zn, Cu and Mn are the four most common alloying 
elements in Mg alloys. The influence of these four alloying elements on oxidation of Mg alloys is 
reviewed in the following sections.   
 
5.1 Al 
Mg-Al based alloys are the most commonly used cast Mg alloys because of their good castability, 
acceptable strength and low price [54, 83]. Alloying with sufficient Al leads to (i) the formation of 
the β-phase (Mg17Al12) as isolated beta phase particles, or in the form of the eutectic micro-constituent, 
or precipitates, and (ii) refinement of the as-cast grains [84]. Thus, Mg-Al alloys have mechanical 
properties better than pure Mg. For example, AZ91 has a tensile strength of 130 MPa as-cast and 200 
MPa in the T6 heat-treated condition [54]. In addition, a continuous Mg17Al12–phase at the surface 
may also provide some corrosion protection [8, 11, 85, 86].  
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However, at high temperatures, the oxidation resistance of Mg-Al alloys is not as good as that of 
pure Mg [32, 38] despite the hope that Al would lead to the formation of a protective γ-Al2O3 [87] 
film, and therefore a low oxidation rate. Leontis and Rhines [42] found that over 1.1 wt.% Al 
accelerated Mg oxidation. Similarly, Barrena et al. [88] reported that the weight gain of Mg-9 wt.% 
Al was always higher than that of Mg-6 wt.% Al within the temperature range from 500 C to 700 
C in cyclic oxidation tests. Fast oxidation occurred when the Al content was over 10 wt.% at 400 C 
[42]. This indicated that Al additions accelerated the oxidation of Mg alloys.  
MgAl2O4 spinel was reported to from at room temperature for alloys containing 3.1 wt.% to 6.2 
wt.% Al [89]. Shih et al. [90] considered that the MgAl2O4 spinels at the Mg-MgO interface could 
act as a diffusion barrier for Mg2+ cation. However the contribution to oxidation resistance was not 
significant.  
The negative effect of Al on oxidation resistance of Mg alloys was attributed to the low melting 
temperature of the β-phase, and the eutectic microstructure, which causes selective oxidation and 
evaporation of Mg. Because Mg-Al based alloys are the most widely used, increasing their oxidation 
resistance would have technological significance.  
 
5.2 Zn 
Alloying with Zn improves the fluidity, creep resistance and strength of Mg alloys [91, 92]. Zn-
containing Mg alloys show a high age-hardening response due to the formation of a rod-like β1’ phase 
that has a coherent or a semi-coherent interface with the matrix [93]. In addition, Zinc improves the 
corrosion resistance of Mg alloys by reducing the effect of impurities [8]. 
However, Zn decreases the oxidation resistance at elevated temperatures [42]. The low melting 
temperature of Mg-Zn intermetallic phases (341 C) can cause significant evaporation of Mg and 
selective oxidation at high temperatures [94]. In addition, Zn tends to sublime [80], which leads to 
the formation of pores within both the matrix and the oxide scale, accelerating cracking of the oxide 
scale [42]. Hence, Zn is normally used as a ternary element, such as in the AZ series of Mg alloys, to 
improve the strength because the low Zn content has less influence on oxidation [32].  
Although binary Mg-Zn alloys are rarely used due to their instability at elevated temperatures, 
Mg-Zn based alloys have gained attentions because of their good mechanical properties. For example, 
as-cast ZC63 has a tensile strength of 145 MPa, and 245 MPa can be achieved in the T6 heat-treated 
condition [54]. Improving the oxidation resistance of Mg-Zn alloys would be a good strategy to widen 
their range of applications.  
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5.3 Cu 
In the Mg-Al system, Cu was reported to suppress discontinuous precipitation and increase the 
density of continuous precipitates [95]. Pan and co-workers [96] reported an optimal ageing response 
that enhanced both mechanical properties and electrical conductivity by alloying a Mg-6Zn alloy with 
1 wt.% Cu. However, Cu reduces the corrosion resistance via galvanic corrosion, in which Cu-rich 
precipitates act as cathodes to accelerate the corrosion of the Mg matrix [8, 11, 18].  
Leontis and Rhines [42] reported a sharp increase in the oxidation rate at 475 C for pure Mg 
containing less than 1 wt.% Cu. Similarly, Fassel et al. [47] found a significant decrease in the ignition 
temperature for pure Mg containing 20 wt.% Cu. However, there have been no studies correlating 
this effect to Mg alloys. As Cu can increase the eutectic temperature of Mg-Zn [97], it is reasonable 
to expect that alloying with Cu may improve the oxidation resistance of this type of alloy through 
inhibiting the evaporation of Mg. Hence, the effect of Cu on oxidation resistance in Mg alloys needs 
further study.  
 
5.4 Mn 
Manganese is added as a ternary element to many commercial magnesium alloys, the AZ series 
alloys in particular, to improve the corrosion resistance [8, 30, 98]. Previous studies [99-102] showed 
that small addition of manganese (0.2 wt.%) can increase the tolerance limit for the impurities, Fe, 
Cu and Ni. Nearly 70 years ago, Leontis and Rhines [42] found that Mn has no influence on the 
oxidation rate of pure Mg as the solid solubility of Mn in Mg is low (2.2 wt.%) [43]. Fassel et al. [47] 
reported an increase of the ignition temperature of Mg alloys alloyed with Mn. However, this was 
contradicted by Bobryshev et al. [45] found a slight reduction in the ignition temperature of pure Mg 
alloyed with 2 wt.% Mn. To clarify these contradictory results, further investigations would be useful. 
 
6. Other alloying elements  
Surface engineering, such as surface coating, including PVD and CVD, has been used for 
decades to improve oxidation resistance [38, 101]. For example, Pérez et al. [103] found that a 
PVD-processed Mg-10.6Zr alloy could be protected from oxidation below 375 C. However, the 
difference in thermal expansion coefficient between the coating and the substrate may lead to the 
coating peeling off at elevated temperatures. Hence, developing oxidation-resistant alloys has been 
regarded as a better approach.  
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The selection of a possible element can be based on the P-B ratio of the oxide, and the Gibbs 
free energy of formation of the oxide by the following equation (13) [104, 105]: 
ܽMgO ൅ ܾX → X௕O௔ ൅ ܽMg																																																								ሺ13ሻ                  
where a, b present the stoichiometric numbers and X is the alloying element. For an alloying 
element X, if the change of Gibbs free energy associated with equation (13) is negative, the XbOa 
oxide can form prior to MgO on the surface and protect the matrix from oxidation. For the 
common alloying elements, Al and Zn, the changes of their Gibbs free energy are highly positive 
at 700 C (118 722 J and 24 5397 J, respectively) [105], indicating that the formation of Al2O3 (P-
B ratio = 1.29) and ZnO (P-B ratio = 1.59) is not favoured. Thus, adding those elements cannot 
provide protection to Mg against oxidation.  
Most alloying elements lower the solidus temperature, and therefore decrease the oxidation 
resistance and the ignition temperature [47] because of the tendency of localized melting. 
However, some alloying elements, such as Ca, Be and some RE elements have been reported to 
increase the oxidation resistance and the ignition temperature [47, 55] as discussed below.    
 
6.1 Ca  
Some Ca-containing Mg alloys have been characterized by adequate mechanical properties [106], 
which are achieved through refinement of precipitates and grain size [83, 107-109], whereas some 
Mg-Ca alloys are brittle [83, 108]. Li et al. [108] reported that the yield strength of AZ91D was 
improved 20% by alloying with 1 wt.% Ca due to the grain refinement and thinning of the β-phase. 
This effect was also achieved in a Ca-containing AS41, in which the coarse Mg2Si phase was 
modified by alloying with 0.11 wt.% Ca [83]. However, over 1 wt.% Ca can cause brittleness in Mg-
Al alloys [108].  
Ca containing Mg alloys have been found to have a lower oxidation rate at high temperatures in 
both the solid and semi-solid state [110, 111]. You et al. [110] studied the oxidation of Ca-containing 
Mg alloys at temperature ranging from 440 C to 500 C using TGA. At 440 C, a 1.5 wt.% and 3.0 
wt.% Ca addition led to an oxidation rate somewhat lower than that of pure Mg. At 480 C and 500 
C, the oxidations rates of the Mg-0.5 wt.% Ca, Mg-1.5 wt.% Ca and Mg-3.0 wt.% Ca binary alloys 
were also lower than that of pure Mg. But the oxidation rates of the Mg-3.0 wt.% Ca alloy were higher 
than that of the Mg-0.5 wt.% Ca alloy at all temperatures. This was attributed to the formation of the 
low melting temperature Mg-Mg2Ca eutectic when the Ca content was over 0.5 wt.%. This eutectic 
structure melted and formed liquid islands at the higher temperatures. These liquid islands promoted 
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Mg evaporation. The weight gain data of You et al. [110] were not normalized by the surface area, 
nevertheless, as a qualitative analysis, some indication is provided of how Ca affects the oxidation of 
Mg alloys. 
You et al. [110] also investigated the surface concentration profiles of the Mg-3Ca alloy using 
Auger Electron Spectroscopy (AES). Fig. 11 presents their results. A Mg oxide layer with uniform 
Mg and O contents formed on pure Mg after oxidation at both 440 and 500 C. In contrast, there was 
Ca in the surface oxide on Mg-3Ca alloy after heating at both 440 and 500 C. At 440 C, the surface 
layer was composed of an outmost layer of Mg oxide and a subsurface oxide layer containing Ca. At 
500 C, the outmost surface oxide was calcium oxide, followed by mixed oxide layers containing Mg 
and calcium oxides [110]. 
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Figure 11: AES depth profiles sputtered from the surface of (a) pure Mg at 440 C; (b) Mg-3Ca at 440 C; (c) 
pure Mg at 500 °C and (d) Mg-3Ca at 500 C for 1 h. In pure Mg, the Mg and O content at the surface were 
constant at both 440 and 500 C. In Ca-containing alloys, Ca tended to segregate near the surface with 
increasing the temperature. Redrawn from You [110] and used with permission from Elsevier.  
Improved oxidation resistance in Mg alloys by alloying with Ca was also reported by other 
researchers. Cheng et al. [111] reported AZ91 containing 1.5 wt.% Ca had negligible oxidation after 
exposure for 7 hour at 400 C. X-ray diffraction (XRD) analysis detected both MgO and CaO on the 
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surface of the alloy. It was considered that the CaO film was preferentially formed because Ca has a 
higher affinity with oxygen [112]. Lee [113] reported a low oxidation rate at 500 C in air for AZ31 
containing 0.3 wt.% Ca. In addition to the formation of CaO, the high oxidation resistance was also 
attributed to the formation of Al2Ca on the grain boundaries of the α-Mg. In addition, Min et al. [114] 
found a 20 C increase of the melting point of the β-phase (Mg17Al12) in AZ91 containing 0.3 wt.% 
Ca. According to the empirical electron theory (EET), this is attributed to the enhanced bond strengths 
of the β-phase by the Ca that dissolved in it. Hence, the thermal stability of β-phase was increased. 
The stable β-phase may contribute to oxidation resistance along the grain boundaries. Fan et al. [115] 
proposed a third element model for the Mg-3.5Y-0.8Ca alloy. The Ca was considered to increase the 
surface activity of Y in Mg-Y alloys, and to promote the formation of Y2O3. However, this hypothesis 
has not yet been experimentally confirmed. 
Sakamoto et al. [116] reported a 250 C increase in the ignition temperature of pure Mg by 
alloying 5 wt.% Ca. A thin dense oxide film formed on the surface of the Mg alloy melt, and was 
considered as a protective layer. This oxide film was considered as a Mg and Ca combined oxide 
because it could not be detected in both the pure Mg and pure calcium melt [112]. Similarly, this type 
of thin oxide film was also found on a molten AZ91 containing 2 wt.% Ca, which did not ignite up 
to 900 C [117]. Unfortunately, it is not clear why such a combined oxide could provide effective 
protection of the molten alloy. More recently, Li et al. [118] developed a non-flammable AZ91 
alloyed with Ca via liquid forging and extrusion. The ignition temperature was increased from 545 
C to 870 C by alloying with 6 wt.% Ca, being attributed to the formation of CaO and the thermally 
stable Al2Ca phase along the grain boundaries. Unfortunately, the alloy was associated with a 
significant reduction in elongation. 
The mechanism by which Ca improves the oxidation resistance of Mg alloys is still not fully 
understood. The P-B ratio of CaO is 0.65, which is even lower than that of MgO (0.81) [62, 119]. 
Hence, the CaO film should not be sufficiently compact to provide protection. The improved 
oxidation resistance may be attributed to three possibilities: (i) a composite oxide layer consisting of 
CaO and MgO, which has a high density, forms during oxidation; (ii) Ca partially replaces Mg in the 
MgO, resulting in the increase in density of the MgO; and (iii) the formation of thermally stable 
intermetallic compounds. Alloying pure Mg with Ca leads to the formation of Mg2Ca along the grain 
boundaries in the form of a eutectic micro-structure [83, 112]. As long as the oxidation temperature 
is below the melting temperature of the Mg-Mg2Ca eutectic structure, they effectively block the 
diffusion of Mg2+ ions along the grain boundaries that act as fast diffusion channels, and therefore the 
oxidation is inhibited. In Mg-Al based alloys, the Ca addition enables the formation of Al2Ca [108, 
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109], which acts as fast diffusion barriers on the grain boundaries. Furthermore, Ca could also supress 
the formation of the low melting temperature Mg17Al12-Mg eutectic structure and enhance the thermal 
stability of the β-phase, preventing selective oxidation along grain boundaries.  
Although Ca can increase the oxidation resistance of Mg alloys, Ca causes brittleness which 
restricts the application of Ca in Mg-Al alloys [108].  
 
6.2 RE elements  
In last decade, Mg has been alloyed with various RE elements to develop new Mg alloys with 
better mechanical properties, formability and creep resistance at high temperatures [6, 120-125]. The 
oxidation resistance of Mg alloys may also be enhanced by alloying with RE elements [126-128]. 
This section reviews the effects of RE elements on the oxidation of Mg alloys.  
 
6.2.1 Y  
Fan et al. [129, 130] observed an improvement of oxidation resistance of Mg after alloying with 
more than 8 wt.% yttrium (Y). The Mg-10Y binary alloy did not burn even at temperatures up to 900 
C, when they were molten [130]. Unfortunately, over 8 wt.% Y led to significant embrittlement [83]. 
Thus, Mg-Y binary alloys cannot be directly used. Wang et al. [126] surface alloyed pure Mg with Y 
through ion implantation (Y ions of 90 keV with a dose of 5×1017cm-2 for 1h). There was a lower 
oxidation weight gain at both 400 C and 500 C compared with non-implanted pure Mg. Surface 
morphological examination revealed a dense, crack-free surface on the samples with Y-implantation 
compared with the loose oxide scale containing lots of cavities on the surface of pure Mg. Fig. 12 
shows the surface morphology of both the implanted and non-implanted pure Mg surfaces. Fig. 12a 
shows cracks and cavities on the loose oxide scale of the non-implanted sample while the oxide scale 
of the implanted (Y ions of 90 keV with a dose of 5×1017cm-2 for 1 h) sample appeared dense with 
neither cracks nor cavities, particularly in the regions marked by number 1 in Fig. 12b. Wang and co-
workers [126] considered that a combined MgO and Y2O3 oxide layer with a high density was 
responsible for the improvement of oxidation resistance because of the high P-B ratio of Y2O3 (1.39) 
[119]. In addition, nodules on the surface of the implanted sample (such as point “2” in Fig. 12b) 
were attributed to an outward diffusion of Y along the grain boundaries of the oxide. This is termed 
the segregation effect of the reactive element reported previously [131]. The outward diffusion of the 
reactive elements (REs) along the oxide grain boundaries inhibited the outward transport of the Mg 
cations and therefore inhibited oxidation [131].  
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Figure 12: The surface morphology of the oxide scale on Mg at 500 °C for 90 min: (a) non-implanted surface: 
large cracks and cavities were produced on the surface; (b) implanted surface (Y ions of 90 keV with a dose 
of 5×1017cm-2 for 1h): the surface was dense with no cracks, the nodules on the surface shows a so-called 
reactive element effect. Reproduced from Wang [126] with permission from Elsevier. 
Y has also been alloyed into ternary and quaternary Mg alloys at lower concentrations. A Mg-
Zn-Zr alloy with 5.1 wt.% Y had constant oxidation weight gain after the parabolic growth of oxide 
for over 270 hour at 400 C [132]. There was a compact and dense Y2O3 layer on the sample surface 
after oxidation [132]. Bak et al. [133] added 1 wt.% Y and 3 wt.% Y2O3 into AZ91, and found that 
the effectiveness of Y2O3 was lower than that of Y in terms of reduction in oxidation rate at 
temperatures ranging from 400 to 500 C. A possible explanation is the existence of some short-
diffusion paths such as phase boundaries in the alloy with scattered Y2O3. These paths could favour 
the dissolution and transport of oxygen beyond the oxide scale [133]. Recently, Yu et al. [134] studied 
the effect of the state of Y on the oxidation resistance of Mg alloys by alloying pure Mg with both Y 
and Al. The weight gain of Mg-2.5Y was lower than that of Mg-2.5Y-2.5Al, indicating a better 
oxidation resistance. The dissolved Y in the matrix was responsible for the improvement because of 
the formation of protective Y2O3 layer on the surface. However, the added Al reacted with Y in the 
matrix, forming Al2Y intermetallic compound, suppressing the formation of Y2O3. Thus, the 
oxidation resistance was deteriorated.  
For molten Mg alloys, WE43 (containing 4 wt.% Y) had ignition-resistance up to 750 C [55]. 
At 650 C, when the oxide film of the molten WE43 alloy cracked, a new oxide film was re-generated 
rapidly and the cracks were repaired. This repair was attributed to the formation of Y2O3 [55].   
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Recently, You et al. [135] added both Ca and Y into AZ31, AZ61 and AZ91. The combination 
of Ca and Y led to higher ignition temperatures than the alloys containing only Ca. A similar result 
was found by Cheng and co-workers [111] that 0.5 wt.% Y resulted in a 25 C increase of the ignition 
temperature of an AZ91-Ca alloy. In addition, Jiang et al. [136] alloyed pure Mg with both 1-3 wt.% 
Y and 1.5 wt.% Sn. The combination effect of Y and Sn resulted in a higher oxidation resistance than 
that of single addition of Y. These results indicated synergistic effects of Ca and Y, and Sn and Y so 
that an alloy containing both alloying elements has a higher oxidation resistance than the alloys with 
only Ca, Sn or Y. This could be attributed to either a dense oxide layer with a mixture of CaO or SnO2 
and Y2O3 or the third element effect, in which the Ca or Sn increased the surface activity of Y in Mg-
Y alloys and promoted the formation of Y2O3.  
Prasad et al. [59] studied the flammability of a series of Mg-Y binary alloys through flame test 
as illustrated in Fig. 5. Fig. 13 illustrates the ignition behaviour of a Mg-5Y specimen. After initial 
melting, only minor ignition occurred at the specimen end even after ~90 s exposure to the LPG flame 
(Fig. 13a), which was extinguished readily even in the presence of the LPG flame (Fig. 13b). 
Furthermore, the blob of the liquid alloy dropped on the foundry floor and remained unignited. There 
was a thin oxide on the subsequently solidified blob as indicated by the interference colours. The 
resistance to oxidation and burning of the Mg-5Y alloy was attributed to the formation of a Y-
containing oxide on the alloy surface, which protected the surface from further oxidation and 
evaporation [58]. 
 
Figure 13: Images showing the behaviour of a Mg-5Y specimen exposed to a flame test as illustrated in Fig. 
5: (a) specimen melted and a minor ignition occurred at the end of the specimen; (b) the incipient ignition was 
extinguished readily even in the presence of the LPG flame. Reproduced from Prasad [59] with permission 
from Elsevier. 
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However, large amount of Y addition could result in a decrease in mechanical properties of Mg-
Al alloys [137, 138] due to the formation of massive Al2Y phase. Normally, the Y addition in the 
Mg-Al system is limited to 0.25 wt.% [111]. Hence, it seems not practical to improve the oxidation 
resistance of Mg-Al alloys by alloying with Y. 
 
6.2.2 Ce  
Cerium has attracted increasing interest in the development of oxidation resistant Mg alloys over 
the past 60 years [42, 139-141]. AZ31 was surface alloyed with Ce by Wang et al. [142] through ion 
implantation. There was a lower oxidation weight gain of the implanted AZ31 (Ce ions of 45 keV 
with a dose of 1×1017cm-2) at 500 C compared with the non-implanted AZ31. However, the oxidation 
kinetics followed a linear law in both implanted and non-implanted alloys, indicating the oxidation 
resistance improved by Ce implantation was not significant. It was considered that the pre-formed 
Ce2O3 and CeO2 layers during implantation were responsible for the improvement of the oxidation 
resistance.  
Recently, Lin et al. [143] found a 50 C increase in the ignition temperatures of both AZ91 and 
AM50 alloyed with 0.25 wt.% Ce due to the formation of a compact Ce2O3 layer that has the P-B 
ratio of 1.16. When mixed with MgO, the combined oxide film was regarded as dense with few 
defects [143]. However, unlike Mg-Y alloys, there was an increased oxidation rate when the Ce 
content exceeded 0.25 wt.% because of the limits of the solid solubility of Ce in both alloys [143]. 
Fig. 14 shows the surface morphologies of the oxide films formed on AM50 at 500 C for 60 min. 
Without the Ce alloying, the oxide film was loose and porous. After alloying with 0.25 wt.% Ce, as 
shown in Fig. 14b, the film was almost free of holes or defects and was adherent. Holes and defects 
emerged on the surface after alloying with 0.45 wt.% Ce due to a decrease in oxide adherence, as 
shown in Fig. 14c. Similar results were achieved in Lin’s study for AZ91D. 
 
Figure 14: SEM micrographs on the surface of the AM50 Mg alloy after isothermal oxidation in air at 500 Ԩ 
for 60 min: (a) 0 wt.% Ce with high porosity; (b) 0.25 wt.% Ce showing dense oxide layer; (c) 0.45 wt.% Ce 
showing porous oxide layer. Reproduced from Lin [143] with permission from Elsevier. 
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The decreased oxidation resistance for Ce contents exceeding 0.25 wt.% was attributed to the 
formation of a thermally stable Al11Ce3 intermetallic compound, which consumed Ce. The formation 
of Al11Ce3 resulted in the depletion of Ce around the Al11Ce3 intermetallic compound [143]. These 
Ce depleted localized regions became weak points for oxidation as the combined oxide layers on the 
surface of these regions could no longer provide oxidation protection. A similar result was reported 
by Li et al. [144] for AZ91. They found that the decreased oxidation resistance could be suppressed 
by rapid solidification even when the Ce content was as high as 0.98 wt.% in AZ91. Rapid 
solidification prevented the formation of the Al11Ce3 intermetallic phase. 
In addition to the formation of a Ce oxide that could act as a protective film on the surface of the 
Mg alloy, segregation of cerium as CeO2 along the MgO oxide grain boundaries could also inhibit 
the outward diffusion of Mg cations in the solid alloy [131], and therefore retard oxidation. This 
reactive element effect (REE) of Ce is schematically shown in Fig. 15. When a Mg2+ cation meets a 
Ce oxide particle on a grain boundary, Ce4+ cations saturate MgO through the following reaction [26]: 
CeOଶ ൅ 2Mg୐ଶା ൌ Ce୐ସା ൅ 2MgO ൅ V୑୥ᇱᇱ 																																														ሺ14ሻ 
where MgL2+, CeL4+ are Mg and Ce cations in the lattice, respectively, and V୑୥ᇱᇱ  is the Mg vacancy site 
with double ionisation [65]. The CeL4+ ions along the MgO grain boundaries effectively impede the 
grain boundary diffusion of Mg2+ cations, delaying oxidation. As the diffusion of Mg2+ cations 
becomes slow, the oxidation is mainly controlled by the mobility of O2- anions, which is s slow 
process. Hence, the growth of MgO decreases, typically by orders of magnitude [27]. 
 
Figure 15: The proposed REE of Ce in MgO. The Ce oxide and Ce cations in MgO grain boundaries block 
the diffusion of Mg cations. Reproduced from Czerwinski [26] with permission of Springer. 
Prasad et al. [59] found no beneficial influence of Ce on the burning of Mg-Ce alloys in a 
liquefied petroleum gas (LPG) flame test as illustrated in Fig. 5. The specimen tips of both Mg-0.5 
wt.% Ce and Mg-3 wt.% Ce alloys started to burn after melting. 
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Small alloying additions of Ce have provided some improvement to the oxidation resistance of 
Mg alloys. The formation of a compact Ce oxide layer on the surface could protect the substrate from 
further oxidation. In addition, the reactive element effect of Ce in Mg alloys, which is based on the 
analogy with Ni-Ce system, may also contribute to the oxidation resistance. However, it is not clear 
which mechanism dominates. Further investigation is required. Furthermore, contrary to Y, the 
presence of Ce in Mg alloys has no detrimental effect on the mechanical properties, particularly in 
Mg-Al based alloys. Thus, from technological point view, Ce-containing Mg alloys are worth 
studying further. 
 
6.2.3 Nd  
Alloying with neodymium (Nd) to improve the oxidation resistance of Mg alloys has been an 
active research topic in the last decade. Wang et al. [145] found that Mg-2.87 wt.% Nd and Mg-
4.5wt.% Nd were oxidation-resistant up to 500 C for 90 min. However, there was rapid oxidation 
weight gains with linear kinetics for Mg-Nd with 11.2 wt.% and 25 wt.% Nd. Aydin and co-workers 
[46, 146] measured somewhat similar behaviour in their studies of the ignition temperature. There 
was a sharp 100 C increase in the ignition temperature for Mg-0.5wt.% Nd, whereafter the ignition 
temperature remained constant at 770 C for Nd content up to 6 wt.% [46].  
Thermodynamic calculations indicated that the MgO should form prior to Nd2O3 during the 
initial stage of oxidation. As schematically illustrated in Fig. 16, the initially formed MgO decreased 
the Mg composition on the surface of α-Mg. As a result, the activity of Nd was increased, and Nd2O3 
formed. The high oxidation resistance was attributed to the formation of a Nd2O3/MgO duplex layer. 
Nd2O3 has a P-B ratio of 1.13 [62] and may be a compact layer that can protect the substrate. This 
model would be valid for a molten alloy only if there was no convection. 
 
Figure 16: Proposed composite oxide layer formed during the oxidation of the α-Mg solid solution phase. 
The consumption of Mg during oxidation increased the concentration of Nd at the surface, leading Nd2O3 to 
form. Reproduced from Aydin [46] with permission from Elsevier. 
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However, when the Nd content is over 2.5 wt.%, Mg12Nd intermetallic particles form along the 
grain boundaries. Oxidation preferentially occurs on the Mg12Nd phases because of the larger change 
of Gibbs free energy from the reaction of the intermetallic phases with oxygen [146]. In addition, the 
lower melting temperature of the eutectic microstructure also contributes to the oxidation. 
Furthermore, in the molten state, as the Nd content increases, the formation of Nd2O3 causes local 
depletion of Nd in the liquid subsurface, leading to Mg vaporisation and ignition [147]. Thus, constant 
or even reversed oxidation resistance was observed at higher Nd content (above 2.5 wt.%) in both the 
solid and the molten state.  
The effect of Nd on the oxidation of ternary Mg alloys is complex. Arrabal et al. [80] studied the 
solid-state oxidation resistance and microstructure of AZ91D containing 1.4 wt.% Nd. The oxidation 
rate at 410 C of Nd-containing AD91D was 72% of that of the AZ91D alloy [80]. This was attributed 
to the reduction in selective oxidation of the Mg17Al12 β-phase because Al was consumed through the 
formation of the stable Al-Nd intermetallic. Hence, the oxidation was delayed due to the smaller 
volume fraction of the β-phase. In a semi-solid condition, Zhao et al. [148] reported a 20 C decrease 
in the ignition temperature of AZ91D containing 0.5 wt.% Nd. This decrease was attributed to the 
decrease in the liquidus temperature and the low eutectic temperature [148]. However, the ignition 
temperature was increased by 40 C in AZ91D containing 5 wt.% Nd. The Nd2O3 oxide film was able 
to re-generate and self-heal cracks or pores on the surface of the molten alloy [148].  
Compared with other RE elements, small addition of Nd is able to protect Mg alloys from 
oxidation. The improvement is attributed to the formation of Nd2O3 and the modified intermetallic 
phases. 
 
6.2.4 Gd  
Gadolinium (Gd) can also increase the oxidation resistance of Mg alloys [42]. Arrabal et al. [80] 
found that alloying AZ91 with 0.7 wt.% Gd suppressed the formation of the unstable Mg17Al12 phase, 
leading to the increase in oxidation resistance in the solid state. Because Mg-Y-Gd based alloys 
showed a high specific strength at both room and elevated temperatures [149], the study of Gd on 
oxidation was focused on Y-containing alloys. Liu et al. [150] studied the solid-state oxidation 
behaviour of an Mg-Gd-Y-Zr alloy within the temperature range from 230 to 300 C in both O2 and 
O2 + H2O atmospheres. Gd and Y-containing Mg alloys showed low oxidation rates and negligible 
oxidation weight gains after 10 hour exposure in both atmospheres. The low oxidation rates were 
attributed to a multi-oxide layer consisting of MgO, Y2O3 and Gd2O3 on the surface, which protected 
the alloy from further oxidation. Wang et al. [151] studied the oxidation kinetics of a Mg-10Gd-3Y 
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alloy in both the solid and semi-solid states. The oxide growth kinetics obeyed the parabolic law 
within the temperature range from 450C to 600 C, as shown in Fig. 17. Because of the protective 
effect by both Y and Gd, neither linear growth nor catastrophically exponential kinetics occurred even 
at 600 C for up to 90 min. This indicates that the protection also applied to the semi-molten alloys. 
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Figure 17: Weight gain curves of the Mg–10Gd–3Y alloys oxidized at different temperatures for up to 90 min. 
The oxide growth kinetics obeyed the parabolic law from 450 °C to 600 °C. Redrawn from Wang [151] and 
used with permission from Elsevier. 
Kim et al. [105] studied the ignition of binary Mg-0.48 at.% Gd (Mg-3Gd). The ignition 
temperature was 707 C. This temperature is significantly above the melting temperature of the alloy, 
and higher than that of Mg-3Ce and Mg-3La, for which the ignition temperatures were 630 C and 
524 C, respectively. Because of the P-B ratio of 1.29, Gd2O3 is a compact oxide that could protect 
the substrate from further oxidation, even when the alloy was molten. Kim and co-workers [105] 
claimed the higher solubility of Gd in Mg (23.5 wt.%) was responsible for the better protection. The 
solute concentration in the matrix increased due to the dissolution of the intermetallic phases with 
increased temperature. A higher solubility enabled the solute to fully homogenize in matrix during 
oxidation, promoting the formation of the dense layer during oxidation. Recently, Wu et al. [152] 
reported a high-strength, ignition-proof Mg-15.3Gd-1.9Ag-0.3Zr (GQ152K) Mg alloy that had a high 
ignition temperature of 935 C. Furthermore, this alloy was able to withstand a flame at 930 C for 
over 6 min. The good resistance to oxidation and good resistance to burning was attributed to the 
dense Gd2O3 and Ag2O films on the surface.  
These experimental results indicate that addition of Gd in Mg alloys appears to be an effective 
approach to develop new Mg alloys with improved oxidation and ignition resistance for applications 
at elevated temperatures. 
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6.2.5 La  
Alloying with La and La oxide has been used to improve the mechanical properties of aluminium 
alloys [153, 154] but there have been limited studies on alloying with La or La oxide in Mg alloys. 
In 1946, Leontis and Rhines indicated that alloying with La or La oxide delayed oxidation of Mg 
alloys [42]. Recently, Zhao et al. [155] added La and La2O3 into AZ31 and found that the oxidation 
weight gain at 450 C was slightly decreased compared with AZ31 without such alloying additions, 
as shown in Fig. 18. In Fig. 18, as La2O3 decomposed into La and O2 in the Mg melts, the La2O3 
additions were converted into La. For AZ31 alloyed with La, the lowest oxidation rates was at 0.75 
wt.% La, as shown in Fig. 18a. For AZ31 with addition of La2O3, AZ31-0.74 wt.% La exhibited the 
lowest oxidation rate, as shown in Fig. 18b. The oxidation weight gains of both alloys were similar, 
and higher La content led to higher oxidation rates in both conditions [155].  
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Figure 18: Oxidation kinetic curves of AZ31 at 450 Ԩ alloyed with (a) La: the lowest oxidation rate was 
obtained by alloying 0.75 wt.% La, higher La content increased the oxidation rate; (b) La2O3: lowest oxidation 
rate was obtained by alloying 0.74 wt.% La (converted from La2O3), higher La2O3 addition increased the 
oxidation rate. Redrawn from Zhao [155] and used with permission from Elsevier. 
The small protective effect of alloying with La was attributed to the formation of a duplex oxide 
film consisting of La2O3 and Al2O3 on the surface of the Mg-Al base alloys [156]. The P-B ratio of 
La2O3 is 1.11 [105], indicating the possibility of a compact layer. Fan et al. [157] also considered 
La2O3 as an effective inhibiter to oxygen diffusion even at high temperatures. The increase in 
oxidation rate at the higher La content was attributed as a result of a reduced amount of β-Mg17Al12 
in the AZ31 [155]. The “necklace” β-Mg17Al12was assumed to be an oxidation barrier [155]. A higher 
content La reacted with Al, forming Al11La3, which consumed Al in the matrix. Thus, the “necklace” 
β-phase was broken into discrete particles that could not delay the diffusion of ions. However, this 
hypothesis was not convincing because it neglected the fact that the α-Mg and β-phase eutectic 
structure with low melting temperature could accelerate the oxidation as discussed before [80]. The 
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current authors consider that it is more likely that the higher La contents caused a decrease in the 
incipient melting of the alloy. 
The weight gain kinetics in Fig. 18 indicates that the oxidation incubation period (the period of 
parabolic kinetics) of the AZ31-La alloys was short for all La contents. Then there was linear 
oxidation kinetics for all samples regardless of the content of La, which indicated that the onset of 
accelerated oxidation was not delayed by La. This was attributed to the low solid solubility of La in 
Mg, which restricted the formation of a La2O3 film [105]. 
Recently, Zhang and co-workers [158] conducted first-principle calculation and predicted a 
preferential segregation of La atoms on a Mg (0001) surface, and exothermic O adsorption. The 
released heat on the La-alloyed Mg (0001) surface was less than that on the pure Mg (0001) surface, 
which was assumed to be beneficial for increasing the ignition temperature of the Mg-La alloy. In 
addition, Zhang [158] also found that ionic bonding predominates in MgO, but that the bonds of 
La2O3 were more covalent, inferring that La2O3 is more compact. However, the low solid solubility 
of La in Mg limits the formation of the oxide. Hence, La is not a practical solute in improving the 
oxidation resistance of Mg alloys in the solid or semi-solid state. This could also be the main reason 
for the lack of interest in studying the oxidation behaviour of Mg alloys containing La.  
 
6.3 Be 
Beryllium (Be) has long been known to be beneficial to Al and Mg alloys. Small amounts of Be 
reduce tarnishing and the corrosion of Al at room and elevated temperatures [159]. In addition, Be 
can help purify Mg melts through reducing the level of inclusions, such as iron and other impurities 
[160]. Furthermore, small amounts of Be alloying into both Al or Mg alloys can decrease the 
oxidation rate [159, 161, 162] . Be is one of a few elements that has a higher affinity to oxygen than 
that of magnesium [160]. Thus, the assumption has been that the decrease in oxidation rate is 
attributable to the formation of BeO [26, 163]. Most studies of Be containing Mg alloys and Be 
containing Al alloys were based on the molten state. For example, Houska [161] reported an increase 
in the ignition temperature of pure Mg by 200 C through alloying with 10 ppm (wt) Be. Wikle 
claimed a dense BeO oxide film formed during casting Be containing Al alloys [164]. Because of the 
high P-B ratio of BeO (1.70) [62], the BeO film was considered a barrier to prevent oxygen 
penetration. Huang et al. [165] reported an increase of 200 C in the ignition temperature of a Mg-
2Ca alloy after alloying with 300 ppm (wt) Be. Zeng et al. [166, 167] reported that 0.3 wt.% Be-
containing AZB910 could be melted without burning, even without a shielding gas. Fig. 19 shows 
macrographs of the melts of both the AZ91 and the AZB910 at 650 C. The AZ91 melt was covered 
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by lots of oxides (Fig. 19a) while the surface on the AZB910 was smooth and clear, indicating a 
higher oxidation resistance (Fig. 19b). 
 
Figure 19: Top view of molten AZ91 and AZB910 alloy held at 650 C: (a) the AZ91 melt surface was covered 
by lots of oxides; and (b) the AZB910 melt was smooth and clear. Reproduced from Zeng [166] with permission 
from Elsevier. 
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Figure 20: Auger depth profiles of: (a) AZ91; (b) AZB910 after oxidation at 650Ԩ for 10 seconds. The high 
concentration of Mg and O indicates MgO layers on the outmost surface of both alloys. For AZB910, the 
decreasing Mg concentration was accompanied with an increasing of Be content, indicating the appearance 
of BeO in the inner layer. Redrawn from Zeng [166] and used with permission from Elsevier. 
Through XRD and AES analysis, Zeng [166] detected an enriched Be and O layer near the 
surface of the AZB910. Fig. 20 presents the AES results that show the concentration profiles of the 
major alloying elements as a function of depth for the AZ91 and AZB910. The outmost layers 
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(sputtering time = 0) of both alloys were enriched by Mg and O. Furthermore, the amount of Mg was 
slightly higher than O, suggesting Mg was in excess of that required for MgO. This is attributed to 
the outward diffusion of Mg2+ cations, which control the oxidation [26]. Below the outmost layer of 
both alloys, there were variations of Mg content accompanied with continuous decreases of O 
concentration. The V-like variation of Mg content in both alloys was attributed to the overlap of the 
decreasing Mg2+ cation concentration in the oxide and the increasing metallic Mg concentration [166]. 
For the AZB910, as shown in Fig. 20b, the decreasing Mg2+ was accompanied by an increase of Be 
content, indicating a mixed inner layer of BeO and MgO. This has been regarded as experimental 
evidence supporting the hypothesis that the high oxidation resistance of Be-containing Mg alloys is 
attributed to the formation of BeO [166].  
Zeng et al. [167] also compared the oxidation resistance AZ91 containing 0.3 wt.% Be with AZ91 
containing 5 ppm (wt) Be, and found that AZ91-5 ppm (wt) Be showed rapid oxidation at 650 C. 
This implies effective protection of the Mg alloy requires a considerable amount of Be. This result 
was inconsistent with previous conclusion that low oxidation rates could be achieved with 5-10 ppm 
(wt) Be [161].  
It would be expected that a stable protective BeO film requires Be to be oxidized in preference 
to the oxidation of Mg. The reaction of Be with MgO is as follows [167]: 
Beሺlሻ ൅ MgOሺsሻ ൌ BeOሺsሻ ൅ Mgሺlሻ																																																	ሺ15ሻ 
The change of free energy in this reaction is [167]: 
∆ܩ ൌ ∆ܩ଴ ൅ Rܶln ߙ୆ୣ୭ߙ୑୥ߙ୑୥୓ߙ୆ୣ ൌ ∆ܩ
଴ ൅ Rܶln ߙ୑୥ߙ୆ୣ 																																					ሺ16ሻ 
where ∆G0 is the change of Gibbs free energy in the standard state (25 C, 1 atm), T is the reaction 
temperature (in K), R is the gas constant and α represents the activity. MgO and BeO are regarded as 
pure solids, so both αBeO and αMgO are equal to 1. Applying equation (16) to the work of Zeng et al. 
[166] indicates that the equilibrium Be concentration is 0.88 wt.% at 650 C. BeO could form in 
preference to MgO only if the concentration of Be was higher than the equilibrium concentration. 
Due to the segregation effect, 0.3 wt.% Be in AZ91 could possibly satisfy this thermodynamic 
requirement. However, when the Be concentration was as low as 5-10 ppm (wt), it would be difficult 
to accumulate Be up to 0.88 wt.% through segregation. Thus, experimental evidence is required to 
verify this hypothesis in Mg alloys containing trace of Be. 
There are few studies on the oxidation of solid-state Mg alloys that contain Be. Czerwinski [168] 
studied the early stage of semi-solid oxidation of Be-bearing AZ91. The onset of accelerated 
oxidation at 487 C was delayed by 10 ppm (wt) Be. For comparison, Czerwinski [168] reported that 
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the alloy containing 5 ppm (wt) Be suffered rapid oxidation at the same temperature, whereas the 
surface of the alloy with 10 ppm (wt) Be was smooth and apparently free of oxide. Furthermore, 
Czerwinski [168] also investigated the weight variations of these two alloys at 487 C in an argon 
atmosphere. The results are shown in Fig. 21. At the beginning, both alloys gained some weight, 
possibly from the reaction of Mg with the residual oxygen in the argon. Subsequently, there was 
weight loss, attributed to Mg evaporation. This weight loss for the 10 ppm (wt) Be-containing alloy 
was somewhat lower than that of the 5 ppm (wt) Be-containing alloy. This implies an evaporation 
suppression by the higher amount of Be [168]. Unfortunately, the actual mechanism about how the 
Be supressed the Mg evaporation was not discussed.  
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Figure 21: The influence of the Be content on weight change kinetics of AZ91D in argon. This weight loss for 
the 10 ppm (wt) Be-containing alloy was lower than that of the 5 ppm (wt) Be-containing alloy, implying an 
evaporation suppression by the higher amount of beryllium. Redrawn from Czerwinski [168] and used with 
permission from Elsevier. 
More recently, Tan et al. [169] studied the oxidation resistance in the solid state of AZ91 micro-
alloyed with Be. The oxidation weight gain at 400 C was reduced with increasing Be content from 
10 ppm (wt) to 60 ppm (wt), indicating an increase in oxidation resistance. The increased oxidation 
resistance was achieved by effectively extending the incubation period. In addition, Tan [169] 
claimed that a continuous BeO layer did not exist based on the thermodynamic calculation and EDS 
results. Unfortunately, there was no mechanism studies. 
Based on the reactive element effect (REE) observed in NiO [170, 171], where segregation of 
Ce-ions along NiO grain boundaries effectively impedes the diffusion of Ni2+ cations, Czerwinski 
[168] attributed the decrease in the oxidation rate of Be-containing Mg alloys to the REE of Be. The 
Be2+ cations might segregate along the MgO grain boundaries to inhibit the outward diffusion of Mg2+ 
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cations along the grain boundaries. As a result, the oxidation would be governed by the inward 
diffusion of oxygen ions. Since diffusion of oxygen ions is a sluggish process, the oxidation rate is 
considered to be reduced by orders of magnitude [172]. However, experimental evidence is required 
to verify this hypothesis. 
Because Be has high toxicity [111] and causes grain coarsening of Mg alloys [173], the maximum 
acceptable content of Be in Mg alloy casting was claimed to be 0.01 wt.% (100 ppm (wt)) [166, 167, 
173, 174]. Trace addition of Be can significantly increase the oxidation resistance of Mg alloys, 
particularly for Mg-Al based alloys in both the solid and molten state. However, the actual mechanism 
is not clear. Thus, further study on the oxidation resistance of Be containing Mg alloys is needed in 
developing new oxidation-resistant non-flammable Mg alloys. 
 
6.4 Sr  
The surface activity of an alloying element may also influence the oxidation rate. In Mg, the 
elements Sr, Ca, Ce, Nd, Sn, Se, Te and Li, have been regarded as surface active [175]. Previous 
studies found that alloying with strontium (Sr) decreased the oxidation rate of Al alloys [176, 177]. 
Aydin and co-workers [178] studied the oxidation behaviour of Mg-2.5 wt.% Sr and Mg-6 wt.% Sr 
alloys in the solid state at 500 C. Fig. 22 shows that the oxidation had two stages: (i) the initial 
parabolic-oxidation stage which is also considered the incubation period; and (ii) the stage with 
accelerated oxidation with linear kinetics. Alloying with Sr addition delayed the onset of linear 
oxidation kinetics [178]. 
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Figure 22: The oxidation kinetics at 500 Ԩ for 12 hour in air of the alloys (a): pure Mg; (b): Mg-2.5 wt.% Sr 
and (c): Mg-6 wt.% Sr. There were two stages: (i) the initial parabolic-oxidation stage which can also be 
considered as the incubation period and (ii) the accelerated oxidation stage. Sr delayed the onset of 
accelerated oxidation. Redrawn from Aydin [178] and used with permission of John Wiley and Sons. 
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Figure 23: Ignition temperatures of pure Mg and Mg-Sr alloys. The ignition temperature of Mg increases with 
increasing Sr content. Redrawn from Aydin [180] and used with permission of Springer. 
Pekguleryuz et al. [179] reported that the effect of 75 ppm (wt) Sr addition on the oxidation rate 
of molten AZ91 at 680 C for 5 hour was similar to alloying with 9 ppm (wt) Be. This result indicated 
that the usage of toxic Be could be replaced by Sr in molten Mg alloys. Aydin et al. [180] found that 
the ignition temperature of Mg-6 wt.% Sr was 200 C higher than that of pure Mg. Fig. 23 shows that 
the ignition temperatures of Mg-Sr binary alloys increased with Sr content. The ignition temperature 
of Mg-6Sr (J6) was 854 C, which was higher than that of the WE43 [48]. There were duplex MgO 
and SrO oxide layers on the Sr-containing alloys in both the solid and molten states after oxidation 
[178, 180]. Unlike Ce, Nd and La [46, 143, 146, 155], higher Sr contents led to higher ignition 
temperatures due to the high surface activity of Sr in liquid Mg [181]. Based on thermodynamic 
calculations [180], at 700 C, SrO formed prior to MgO once the Sr content on the surface exceeds 
75 wt.%. In addition to the formation of SrO, the oxide grain size was decreased with increasing Sr 
content [178]. Although finer grain size offers more grain boundaries for ion diffusion [27], Aydin 
claimed that the stress in the oxide could be released by the grain boundaries, resulting in a lower 
tendency to cracking. 
Alloying with Sr does not significantly increase the oxidation resistance of solid Mg alloys 
because of the sluggish accumulation of Sr on the surface through segregation in the solid state. In 
contrast, due to the surface activity in liquid Mg, small additions of Sr effectively increase the 
oxidation resistance of molten Mg alloys. In addition, the ignition temperature is increased with 
higher Sr contents. Hence, development of Sr-containing Mg alloys is a promising approach for 
ignition-proof applications.  
 
58 
 
6.5 Nano-sized or micro-sized particles 
Some Mg alloys containing nano-sized or micro-sized ceramic particles, such as graphene, 
chromium oxide (Cr2O3), aluminium oxide (Al2O3) and silicon dioxide (SiO2) have shown improved 
mechanical properties, and decreased corrosion rates [182-187]. The use the ceramic particles to 
enhance the oxidation resistance in Mg alloys was first reported by Nguyen and co-workers [188]. 
AZ31B containing 1.5 vol.% Al2O3 particles exhibited a lower oxidation rate at 400 C than that of 
AZ31B, due to the uniform distribution of nano-Al2O3 particles in the AZ31B matrix, restricting the 
migration of Mg ions [188]. However, non-protective oxidation occurred at 450 C. The alloy 
containing nano-Al2O3 particles did not have a longer transition from parabolic to linear oxidation 
kinetics at the higher temperature, indicating no improvement in forming a compact protective oxide 
film. 
SiC particles have been used to enhance the mechanical properties and wear resistance [189-192]. 
An enhancement of oxidation resistance in AM60, AZ91D and ZC63 by adding micro-sized SiC 
particles was reported [40, 193, 194]. Nguyen et al. [194] studied the oxidation kinetics of the AZ91D-
(0, 5, 10, 20) wt.% SiC particles reinforced composite at both 430 C and 450 C in air. At 430 C, 
the alloy with 5 wt.% SiC particles had lower oxidation weight gain and the weight gain decreased 
continuously with increasing the content of SiC particles. However, at 450 C, rapid oxidation 
occurred in all alloys except for the alloy containing 20 wt.% SiC particles. 
Nguyen and Lee [193] reported a similar result for AM60 containing 10 wt.% SiC. The oxidation 
rate of AM60 at 450 C was 0.068 mg cm-2 h-1, while the AM60-10 wt.% SiC composite had a nearly 
10 times lower oxidation rate of 0.0066 mg cm-2 h-1. The ignition temperature was also increased 
from 523 C to 603 C. Because the SiC particles were homogeneously dispersed in the alloys without 
any decomposition or oxidation, the reduced specific areas for oxidation was considered as the major 
cause of decreased oxidation. In a Ti-Al alloy, Lee et al. [195] found that uniformly distributed SiC 
particles acted as heterogeneous nucleation sites for oxide grains. Thus, a continuous dense Ti oxide 
layer was quickly formed. However, this hypothesis is not valid in Mg alloys as MgO is not protective 
due to the low P-B ratio. 
Addition of nano or micro-sized ceramic particles in Mg alloys shows a beneficial effect on the 
oxidation resistance in both the solid and molten state. Compared with conventional alloying elements, 
the increased oxidation resistance is attributed to reducing the specific areas for oxidation instead of 
forming compact oxide layers. This mechanism might be used as a new approach to develop new 
oxidation resistant Mg alloys. 
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7. Discussion on the incubation period 
Table 1 summarizes the published data on incubation periods of Mg alloys at various 
temperatures. The term “over” in Table 1 indicates that the oxidation tests were terminated 
within the incubation period. In this case, the incubation period is designated by the maximum 
test duration with the prefix of “over”. 
Table 1: Incubation period (min) of various Mg alloys at various temperatures (C). (Chemical compositions 
are represented by mass fraction).  
Alloys Incubation period (min) at various temperatures (C) Ref. 400 430 450 500 550 600 700 
Pure Mg    440    [46] 
AM50 
Over 
700  95 85    [38] 
  41     [196] 
AM60 Over 700  80 75    [38] 
AE42 Over 700  130 95    [38] 
ZE41 Over 330  
Over 
330 90    [41] 
Mg-0.3Nd    480    [46] 
Mg-0.5Nd    670    [46] 
Mg-2.5Nd    Over 700    [147] 
Mg-6Nd    Over 700    [147] 
Mg-2.5Sr    Over 700    [178] 
Mg-6Sr    Over 700    [178] 
Mg-10Gd-3Y Over 90  Over 90 Over 90 Over 90 Over 90  [151] 
Y surface 
implanted Mg    Over 90    [126] 
Mg-1.5Ca    Over 300    [110] 
Mg-3.08Y-
0.68Ce 
Over 
140   
Over 
140  16  [129] 
Mg-5.13Y-
0.25Zn-0.32Zr 
Over 
1620
0 
      [132] 
AZ91 150       [169] 180  20     [38] 
AZ91-1.5Ca 270       [111] 
AZ91-1.5Ca-
0.5Y 
Over 
300       [111] 
AZ91-2Ca       55 [197] 
AZ91-5Ca       Over 60 [197] 
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AZ91-60ppm 
(wt) Be 
Over 
300       [169] 
ZC63-10SiC  90 55     [40] 
AZ91-5SiC  120 60     [194] 
AZ91-10SiC  Over 300 90     [194] 
AZ91-20SiC  Over 300 
Over 
300     [194] 
AM50-0.28Y   Over 60     [196] 
AM50-1Y   57     [196] 
AZ31-0.75La   36     [155] 
AZ31-0.3Ca   Over 1200 
Over 
1200    [113] 
 
The data in Table 1 can be divided into 3 groups.  
The first group has pure Mg as a reference alloy, and considers the alloying elements Al and 
Zn. At 500 C, pure Mg had an incubation period of 440 min. Alloying with Al or Zn, such as 
the alloys AM50, AM60, AE42 and ZE41, decreased the incubation period at 500 C. The 
reduction in oxidation resistance is attributed to the lowering of the melting temperatures of the 
alloy and formation of a low melting temperature eutectic microstructure consisting of α-Mg 
solid solution and intermetallic compound.   
Alloying with RE elements and Sr increased the incubation period at 500 C compared with pure 
Mg. Alloying with 0.5 wt.% Nd increased the incubation period to 670 min at 500 C due to the 
formation of a dense Nd2O3 layer on the surface that suppressed further oxidation. Alloying with 2.5 
wt.% Sr increased the incubation period to over 700 min at 500 C. Fig. 24  compares Mg-Nd alloys 
and Mg-Sr alloys in terms of the oxidation resistance in the solid and molten states, respectively. Fig. 
24a indicates that the oxidation kinetics for the Mg-Sr alloys in the solid state was similar to that of 
the Mg-Nd alloys. The weight gains of Mg-2.5Nd, Mg-2.5Sr and Mg-6Sr are similar within the test 
period. For the alloy with high content of Nd, the Mg12Nd intermetallic phases formed along the grain 
boundaries, oxidation preferentially occurs on the intermetallic phases [146]. Thus, the initial weight 
gain of Mg-6Nd increases significantly. The subsequent formation of Nd2O3 layer can protect the 
alloy from further oxidation, leading to an increase in the oxidation incubation period. In contrast, in 
molten Mg alloys, Fig. 24b indicates that there was an obvious difference between Nd and Sr. There 
was an increase in the ignition temperature when the Nd increased to 0.5 wt.%, but there was no 
further increase with further addition of Nd. In comparison, the effect of Sr was more remarkable. 
The ignition temperature of Mg increased continuously with increasing Sr content, and reached 854 
C for 6 wt.% Sr. In molten Mg, Sr accumulates on the surface because of its surface activity in liquid 
Mg. Thus, the formation of SrO is promoted, and the surface oxide can suppress Mg vaporisation. 
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Figure 24: (a) Oxidation kinetics of pure Mg, Mg-2.5Nd, Mg-6Nd, Mg-2.5Sr and Mg-6Sr at 500 C in air for 
700 minutes; (b) ignition temperatures of Mg-Nd and Mg-Sr alloys. Nd and Sr had similar role on the oxidation 
resistance. However, the effect of Sr was more remarkable on the ignition temperature. The ignition 
temperature of Mg increased with increasing Sr content. Redrawn from Aydin [46, 147, 178, 180] and used 
with permission of Springer. 
Other reported incubation period data are listed in the five rows just below the Mg-6Sr in Table 
1, showing the effect of the RE elements, such as Gd and Y, and Ca. Although no actual incubation 
period are reported, particularly at 500 C, these alloying elements should increase the oxidation 
resistance of pure Mg through the formation of denser combined oxide layers. Thereby, vaporisation 
of Mg is suppressed. 
The third group of data compares the incubation period of AZ91-base alloys at either 400 or 
450C.  Alloying with Ca, Y, Be and SiC nanoparticles increased the oxidation incubation period. Be 
was particularly effective. Alloying with 60 ppm (wt) Be extended the incubation period of AZ91 
from 150 min to over 300 min. Fig. 25 presents the oxidation data of Cheng et al. [111] and Tan et 
al. [169] for AZ91-1.5Ca, AZ91-1.5Ca-0.5Y, AZ91-20 ppm (wt) Be and AZ91-60 ppm (wt) Be at 
400 C in air. AZ91 containing 20 ppm (wt) Be showed a lower oxidation rate than that of AZ91-
1.5Ca. The incubation period of the AZ91 containing 60 ppm (wt) Be exceeded 300 min. For AZ91-
1.5Ca, linear kinetics occurred after 270 min. In addition, the weight gain curve of AZ91 containing 
60 ppm (wt) Be was lower and became flat after 220 min. Compared with AZ91-1.5Ca-0.5Y, the 
AZ91 containing 60 ppm (wt) Be had a lower weight gain at the end of the test, indicating a better 
oxidation resistance. In the molten state, a 0.3 wt.% Be-containing AZB910 was reported to be melted 
in air [166]. Thus, small addition of Be can increase the oxidation and ignition resistance of Mg alloys. 
But, the mechanism is still in controversial. The formation of BeO has been detected on molten Be-
containing Mg alloys. However, in the solid state, there is a lack of evidence verifying the existence 
of a BeO layer. It appears that the oxidation in the solid or semi-solid state is controlled by the 
combined effects of Mg-ion diffusion, Mg vaporisation and the intermetallic phase. Thus, in the solid 
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or semi-solid state, addition of Be may retard the diffusion of Mg-ions by the reactive element effect 
(REE). In addition, based on the analogy with Ca, Be may segregate along the grain boundaries and 
enhance the thermal stability of intermetallic phases. 
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Figure 25: Oxidation kinetics of AZ91-1.5Ca, AZ91-1.5Ca-0.5Y, AZ91-20 ppm (wt) Be and AZ91-60 ppm (wt) 
Be at 400 C in air for 300 min. The AZ91 containing 20 ppm (wt) Be shows a lower oxidation rate than that 
of AZ91-1.5Ca. Addition of 60 ppm (wt) Be has a better effect on the oxidation resistance than that of addition 
of 1.5 Ca and 0.5 Y. Redrawn from Cheng and Tan [111, 169] and used with permissions of Springer and 
Elsevier. 
 
8. Discussion on ignition temperature 
The P-B ratio of the oxide of the main alloying element has been regarded as a key factor that 
controls the oxidation resistance and ignition temperature of Mg alloys. Table 2 summarizes the 
ignition temperatures (Ti) of Mg alloys with different shapes and the P-B ratio of the oxides of the 
main alloying elements. The ignition temperature varies significantly as a function of shape, 
indicating once again that the ignition temperature is critically dependant on how it is measured. With 
the same chemical composition, the ingot samples have higher ignition temperatures than chips and 
powders. For example, the ignition temperature of a pure Mg ingot ranges from 620-650 C [45-47] 
while pure Mg chip and powder ignite at lower temperatures of 504 C [105] and 437 C [82], 
respectively. Compared with ingot sample, the chip and powder samples have higher specific contact 
area with oxygen, leading to a lower ignition temperature. The ignition temperature also depends on 
the experimental condition. Lower ignition temperatures are measured for the test with slower heating 
rate and for samples with greater specific surface area, indicating the critical factor in ignition is the 
accumulation of a critical concentration of Mg vapour. 
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Table 2: Ignition temperature of various magnesium alloys and P-B ratios [62] of the corresponding oxides. 
(Chemical compositions are represented by mass fraction). 
Alloy 
elements Oxide 
P-B 
Ratio Alloy Shape Ti Ref. 
Mg MgO 0.81 Pure Mg 
Ingot 620-650 C [45-47] 
Chip 504 C [105] 
Powder 437 C [82] 
Al Al2O3 1.29 Mg-3Al Chip 474 C [105] AM50 Powder 485 C [143] 
Al, Zn Al2O3 ZnO 
1.29 
1.59 
Mg-9Al-1Zn Ingot 520-600 C [48, 49, 118] Powder 484 C [143] 
Mg-3Al-1Zn Ingot 628 C [48] 
Ca CaO 0.65 
Mg-3Ca Chip 745 C [105] 
Mg-5Ca Ingot 727 C [112] 
AZ91-1.5Ca Ingot 750 C [111] 
AZ91-2Ca Ingot 900 C [117] 
AZ91-6Ca Ingot 869.4 C [118] 
Y Y2O3 1.13 
Mg-3Y Chip 721 C [105] 
Mg-5.8Y Ingot 665 C [115] 
Mg-10Y Ingot 900 C [130] 
WE43 Ingot 750 C 644 C 
[55] 
[48] 
Ca, Y CaO Y2O3 
0.65 
1.13 
Mg-3.5Y-
0.5Ca Ingot 847 C [115] 
AZ91-1.5Ca-
0.5Y Ingot 775 C [111] 
Ce Ce2O3 CeO2 
1.14 
1.15 
Mg-3Ce Chip 630 C [105] 
AM50-0.25Ce Powder 535 C [143] 
AZ91-0.25Ce Powder 525 C [143] 
Nd Nd2O3 1.13 Mg-0.5Nd Ingot 770 C [46] AZ91-5Nd Ingot 520 C [148] 
Gd Gd2O3 1.23 
Mg-3Gd Chip 707 C [105] 
Mg-15.3Gd-
1.9Ag-0.3Zr Ingot 930 C [152] 
La La2O3 1.11 Mg-3La Chip 524 C [105] AZ31-0.7La Ingot 570 C [155] 
Be BeO 1.70 Mg-0.15Be Ingot 750 C [198] 
Be, Ca BeO CaO 
1.70 
0.65 
Mg-2Ca-
0.03Be Ingot 1050 C [165] 
Sr SrO 0.66 Mg-3Sr Chip 632 C [105] Mg-6Sr Ingot 854 C [180] 
SiC - - AM60-10SiC Ingot 603 C [193] 
 
Table 2 shows that most alloying elements, except for Ca and Sr, are associated with the P-B 
ratio values for their oxides between 1 and 2, indicating the potential to protect the Mg matrix from 
oxidation. However, alloys with Al and Zn have decreased ignition resistance. For example, alloying 
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with 3 wt.% Al decreased the ignition temperature of a pure Mg chip from 504 C to 474 C [105]. 
This decrease is attributed to the decreased melting temperature of the alloy. In addition, although 
some elements such as Ce and La have higher values of the P-B ratio, they do not noticeably increase 
the ignition temperature. This is attributed to their low solute solubility in Mg (1 wt.% for La and 
0.52 wt.% for Ce) [105].  
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Figure 26: Ignition temperatures (Ti) of various binary Mg alloys chips and the solute solubility of the alloying 
elements in Mg. Mg-3La provides the lowest ignition temperature of 524 C and La has a low solubility in Mg 
(1 wt.%). Mg-3Er has the highest ignition temperature of 762 C and Er has the highest solubility in Mg (33.8 
wt.%). Alloying element with a higher solubility trends to perform better in improving the ignition resistance 
of Mg. Data retrieved from Kim [105] and used with permission from Elsevier. 
Fig. 26 presents the ignition temperatures (Ti) of some binary Mg alloys chips and the solute 
solubility of the alloying elements in Mg according to data from Kim et al. [105]. Mg alloys alloyed 
with alloying elements with high solubility have relatively high ignition temperatures. A high 
solubility enables the homogenization of solute elements in the matrix, and allows the formation of a 
dense oxide layer during oxidation [105]. Hence, despite the similar P-B ratios of Y2O3, La2O3, Ce2O3 
and Gd2O3, Mg-3Y and Mg-3Gd have higher ignition temperatures due to their higher solubilities in 
Mg (11.4 wt.% for Y and 23.5 wt.% for Gd). In addition, although the solubility of Ca in Mg is only 
1.34 wt.%, the dissolution of Mg-Ca eutectics increases the content of Ca in the Mg matrix, promoting 
the formation of CaO during heating. Hence, the presence of Ca can improve the ignition resistance 
of the Mg matrix. In the case of Sr, although its solubility in Mg is low (0.11 wt.%) and the P-B ratio 
of SrO is only 0.66, accumulation of Sr on the surface can be achieved due to its surface activity in 
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liquid Mg. Thus, the formation of SrO is significantly promoted after melting. In the case of Be, even 
though the solute solubility of Be in Mg is almost zero [169], a Mg-0.15Be alloy exhibits an ignition 
temperature of 750 C [198]. Furthermore, microalloying of Mg-Ca alloy with Be produced a 
significantly higher ignition temperature of 1050 C [165] as shown in Table 2. Based on the analogy 
with Sr, the excellent ignition resistance by micro-alloying with Be may also be attributed to a surface 
active effect. However, experimental evidence is required to verify this hypothesis. 
In addition, melting temperature, localized melting temperature in particular, also defines the 
ignition temperature. Due to the low melting temperature of the Mg-Al eutectic microstructure, the 
ignition temperature of AZ91 is lower than that of pure Mg. However, alloying with Ca can partially 
consume the Al solute through forming Al-Ca intermetallics, and therefore reduce and even eliminate 
the Mg-Al eutectic microstructure. Hence, Ca alloying can significantly increase the ignition 
temperature of the AZ91 alloy. 
 
9. Concluding discussion 
Published work indicated that although the MgO formed on the surface of Mg alloys can protect 
Mg from oxidation at temperatures up to approximately 400 C, rapid oxidation and ignition occurs 
at temperature above approximately 400 C. This is attributed to the combined effects of the 
incompact structure of MgO, fast diffusion of Mg ions, Mg vaporisation and melting of intermetallic 
phases in the eutectic microstructure. The oxidation resistance is decreased by the common alloying 
elements, Al, Zn and Cu. For example, Al promotes Mg evaporation by the formation of the -phase, 
which forms low melting temperature eutectic microstructure with α-Mg, and Zn tends to sublime 
leading to the formation of pores within both the matrix and the oxide.  
The development of oxidation resistant Mg alloys is based on the chemical and microstructural 
modification of the surface oxide film by alloying elements to increase the P-B ratio of the oxides 
formed. For example, alloying with Ca and RE elements has been experimentally confirmed as an 
effective way to increase the oxidation resistance of Mg alloys. In addition, the “reactive element 
effect” (REE) and surface active effect should also be taken into consideration during the 
development of new alloys. For example, alloying with Be or Sr has good performance in improving 
the oxidation resistance of Mg alloys in both the solid and molten states.  
 
10. Conclusions 
i. Magnesium oxide, MgO, which has a low P-B ratio (0.81), provide little protection to Mg 
substrates from thermal oxidation at high temperatures. 
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ii. Lattice diffusion by a vacancy mechanism, which is a sluggish process, is assumed to dominate 
the Mg transport at temperatures below approximately 400 C. Hence, the thin MgO is 
considered protective and the oxidation rate of Mg alloys at temperatures below approximately 
400 C is low, following parabolic kinetics. 
iii. Non-protective oxidation with linear kinetics occurs at temperatures above approximately 400 
C after an incubation period. This is attributed to the combined effects of faster diffusion of Mg 
ions, Mg vaporisation and melting of intermetallic phases. The onset of non-protective oxidation 
is associated with the growth of oxide nodules. 
iv. Further increasing the temperature and/or continuing oxidation at high temperatures above 
approximately 400 C may cause ignition and burning of Mg alloys. Mg vapour is the burning 
species. The large amount of heat generated during burning makes Mg flames difficult to 
extinguish. The cauliflower surface morphology is regarded a result of burning of Mg alloys. 
v. The ignition temperature depends on the experimental conditions. Lower ignition temperature 
are measured for the test with slower heating rate and for samples with greater specific surface 
area. 
vi. Common alloying elements Al, Zn and Cu increase the oxidation rate and decrease the ignition 
temperature. The effect of Mn on the oxidation resistance of Mg alloys is small. 
vii. The alloying elements Ca, Y, Ce, Nd, Gd, La, Be and Sr decrease the oxidation rate and increase 
the ignition temperature in both pure Mg and Mg alloys through the formation of compact layers 
on the surface and/or the formation of thermally stable intermetallic phases. Alloying with nano-
sized and/or micro-sized Al2O3 and SiO2 particles decrease the oxidation rate of Mg alloys in the 
solid and semi-solid state. This is attributed to the reduced specific areas for oxidation. 
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2.3 Updates on the research progress in oxidation of Mg alloys 
As shown in Paper 1, considerable studies have indicated that alloying elements, including Ca, 
Be, RE, and Sr, and micro/nano-sized particles, including Al2O3 and SiC, can effectively increase the 
oxidation resistance and ignition temperature of Mg alloys. Since Paper 1 was published in 2016, 
some new articles on oxidation of Mg alloys have been published in the last two years. Majority of 
research interest has been focused on of the roles of alloying elements and micro/nano-sized particles 
[25, 47, 102-108]. In addition, significant research progress has been made in understanding the 
mechanism of the evaporation-enhanced Mg oxidation at elevated temperatures [39, 109]. 
 
2.3.1 Effect of alloying elements and nanocomposites 
2.3.1.1 Ca 
Ca has been considered as one of the most effective elements in improving the oxidation 
resistance of Mg alloys because of the formation of CaO-rich layer on the alloy surface during 
oxidation process [52, 110-113]. However, the P-B ratio of CaO/Ca is known to be 0.64, indicating 
an incompact structure of CaO [37]. Hence, it has long been blurred to explain the protective capacity 
of CaO using the RPB of CaO/Ca. Recently, Inoue et al. [47] examined the oxide layer formed on a 
molten Mg-10Al-5Ca (at.%) non-flammable alloy at 700 C. Fig. 4 shows their TEM results. 
 
Figure 4: Cross-sectional micrographs of the oxide layer formed on the molten Mg-10Al-5Ca (at.%) alloy at 
700 C in air for 10 min. (a) TEM image; (b) Schematic diagram of the layer structure; selected area 
diffraction (SAED) patterns obtained from (c) the outermost layer, (d) intermediate layer, (e) innermost layer, 
(f) substrate, and (g) intermetallic compound; high-angle annular dark-field (HADDF) image of and EDS 
maps of (i) Mg, (j) Al, (k) Ca, and (i) O elements. Reproduced from Inoue [47] with permission from Elsevier. 
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It was found that the melt was protected by a protective oxide layer composed of a dense, uniform 
CaO superficial layer with fine CaO grains, and a thick inner MgO layer consisting of a fine-grained 
region (intermediate layer) and a coarse-grained region (innermost layer). According to the 
thermodynamic calculation, the CaO layer was formed preferentially at the initial oxidation stage. 
After covering the surface with an initially formed CaO layer, the inner MgO layer was formed 
through ionic diffusion. Inoue et al. [47] calculated the P-B ratios for MgO and CaO by considering 
the oxide/alloy interface. The P-B ratio of MgO/Mg-10Al-5Ca and CaO/Mg-10Al-5Ca was estimated 
as 0.77 and 1.17, respectively. In addition, considering the oxide/oxide interface of CaO/MgO, Inoue 
et al. [47] also estimated the anionic-volume ratio (A-V ratio) for CaO/MgO, which is adopted to 
compare the volumes occupied by an oxygen atom in CaO and MgO. The A-V ratio, RAV, is given 
by [47, 114]: 
ܴ୅୚ ൌ ݊୭୶ଶܯ୭୶ଵߩ୭୶ଶ݊୭୶ଵܯ୭୶ଶߩ୭୶ଵ 																																																															ሺ15ሻ	 
where ݊୭୶ is the number of oxygen atoms per molecule of the oxide, ܯ୭୶ is the molar mass of the 
oxide, and ߩ୭୶ denotes the density of the oxide. The RAV value of CaO/MgO was estimated to be 1.48 
[47]. In this study, both RPB (oxide/alloy) and RAV of the CaO were over 1, indicating the compact 
structure of the CaO layer that could act as barrier to protect the substrate from further oxidation. This 
study indicated the necessity in considering the alloy substrate and the oxide/oxide interface when 
evaluating the volume difference of the layer formation, i.e., the RPB and RAV values.   
Other researches on the oxidation-resistant Ca-containing Mg alloys in the last two years were 
on the CaO and Ca(OH)2 additions because the use of low cost, more stable CaO and Ca(OH)2 instead 
of Ca is more beneficial to industrial applications [102, 103]. Lee [102] studied oxidation behaviour 
of AZ61 containing CaO particles at temperatures ranging from 400 C to 525 C using TGA. It was 
found that the AZ61 had a rapid oxidation weight gain at 450 C, whereas the AZ61-0.5 wt.% CaO 
and AZ61-1.0 wt.% CaO were oxidation resistant even up to 500 C. Their TEM and EDS analysis 
detected a thin, non-uniform CaO superficial layer on the AZ61-1.0 wt.% CaO alloy after oxidation 
[102]. It was considered that the initially added CaO particles decomposed into Al2Ca precipitates 
along grain boundaries and Ca atoms in the α-Mg matrix. During oxidation process, the dissolved Ca 
diffused outward and were oxidized preferentially to form a thin CaO layer on the outmost surface, 
and therefore the oxidation was inhibited [102]. 
The Ca-containing Mg alloys can also be produced by adding Ca(OH)2 into Mg melts. Recently, 
Jang and Kim [103] found that the Ca(OH)2 provided analogous effect to CaO in improving the 
oxidation resistance of pure Mg. The TGA at 500 C indicated that the weight gains were constantly 
reduced with increase in either CaO or Ca(OH)2 content. At addition of 1.70 wt.% Ca(OH)2, the 
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weight gain became negligible at 500 C, indicating the achievement of high oxidation resistance. 
The ignition temperatures of both alloys exhibited similar tendency, where higher CaO or Ca(OH)2 
content led to higher ignition resistance. Addition of 1.70 wt.% Ca(OH)2 significantly increased 
ignition temperature of pure Mg by over 200 C. Similar to that of the Mg-CaO alloy, the improved 
oxidation resistance of the Mg-Ca(OH)2 alloy was attributed to the formation of a thin CaO superficial 
layer on the alloy surface [103]. 
The improved oxidation resistance of Ca-containing Mg alloys was attributed to the formation 
of a thin, dense and continuous CaO-rich superficial layer on the alloy surface. Ca-containing Mg 
alloys can be produced by adding CaO and/or Ca(OH)2 into the Mg melts due to the decomposition 
of CaO and Ca(OH)2 into Ca atoms in the α-Mg matrix. Unlike Ca, which is flammable, CaO and 
Ca(OH)2 require no precautions during packing, shipping, and handling due to their chemical 
stability, which can provide significant potential for the commercial application of Ca-containing Mg 
alloys [54, 102, 103]. However, over 1 wt.% Ca can cause brittleness in Mg-Al alloys [115]. Thus, 
from technological point view, it is worth to conduct further studies on Ca-containing Mg alloys. 
 
2.3.1.2 Y 
The oxidation behaviour of Y-containing Mg alloys was revisited recently by Yu et al. [107, 
108]. It was found that the oxidation resistance of Mg-Y binary alloys was monotonically increased 
with increasing Y addition [107]. A Mg-5.5Y alloy had negligible oxidation weight gain after the 
parabolic growth of oxide for over 120 min at 625 C [107]. The improved oxidation resistance was 
attributed to the formation of a compact Y2O3-rich oxide layer at the metal/oxide interface to suppress 
the inward diffusion of oxygen and outward diffusion of Mg2+. As mentioned in Paper 1, Zn has been 
considered as detrimental to the oxidation resistance of Mg alloys. However, the study by Yu et al. 
[108] showed that appropriate addition of 1.0-2.5 wt.% Zn was beneficial to increase the oxidation 
resistance of the Mg-3Y alloy. Alloying Mg-3Y with Zn facilitated the enrichment of Y on the alloy 
surface and the formation of a dense Y2O3-rich oxide layer. Excessive addition of 3.5 wt.% Zn led to 
the formation of ZnO on the surface and decrease the Y content in the oxide layer, deteriorating the 
oxidation resistance of the Mg-3Y alloy. This result was analogous to the “third element effect” as 
mentioned in Paper 1 in a Mg-Y-Ca system, in which the addition of Ca increased the surface activity 
of Y, and therefore promoted the formation of Y2O3 on the alloy surface. Because Y is expensive, it 
is technologically significant to clarify the “third element effect” in Y-containing Mg alloys, and 
therefore to develop new oxidation resistant Mg alloys with lower content of Y. 
 
83 
 
2.3.1.3 Micro/nanoparticles 
As mentioned in Paper 1, addition of micro/nanoparticles was a new approach to increase the 
oxidation resistance of Mg alloys. In the last two years, more studies have also focused on the ignition 
resistance of Mg alloys containing micro/nanoparticles. Parande and co-workers [104] studied the 
ignition temperatures of the Mg-(0, 0.5, 1, 2) vol.% SiO2. It was found that the ignition temperature 
increased progressively with the addition of SiO2 nanoparticles. Addition of 2 vol.% SiO2 
nanoparticles increased the ignition temperature of pure Mg by 30 C. Manakari et al. [105] reported 
a similar result for pure Mg containing SiO2 hollow glass microballoons (GMB). The ignition 
temperature of pure Mg was 590 C, while addition of 25 wt.% SiO2 GMB slightly increased the 
ignition temperature to 612 C.  
More recently, Kujur et al. [106] added 0.5-1.5 vol.% Sm2O3 nanoparticles into pure Mg and 
found a progressive increase in the ignition temperature with the addition of Sm2O3. The Mg-1.5 vol. 
Sm2O3 alloy showed an ignition temperature of 650 C, which was 69 C higher than pure Mg (581 
C) [106]. Because the Sm2O3 were found homogeneously dispersed in the alloys, the reduced 
specific areas for oxidation was considered as the major cause for the increase in the ignition 
temperature [106]. In addition, due to the lower coefficient of thermal expansion (CTE) value of 
Sm2O3, the CTE of the Mg-Sm2O3 alloys were lower than that of the pure Mg, suggesting an improved 
thermal and dimensional stability of the Mg-Sm2O3 alloys. Kujur et al. [106] considered that the 
improved thermal and dimensional stability was responsible for the enhanced ignition resistance of 
the Mg-Sm2O3 alloys. However, this hypothesis has not yet been experimentally confirmed. Based 
on the analogy with Mg-CaO, M-Ca(OH)2, and Mg-La2O3 systems [54, 102, 103, 116], the present 
author considers that the Sm2O3 particles may decompose into Sm atoms in the α-Mg matrix. During 
the oxidation process, the dissolved Sm may diffuse outward and react with oxygen, forming Sm2O3 
(RPB = 1.1 [37]) protective barrier layer to isolate the substrate with oxygen. Experimental evidence 
is required to verify this assumption. 
Addition of nanoparticles has been found beneficial to the ignition resistance of Mg alloys. 
However, the underlying mechanisms are unknown. Factors such as particle size, distribution of 
particles within the Mg matrix, and decomposition of the particles may simultaneously influence the 
ignition temperature of the alloy. Hence, further study in this area is needed for developing new 
oxidation-resistant Mg alloys. 
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2.3.2 Evaporation-enhanced Mg oxidation 
Recently, Zhang et al. [39] studied the oxidation and evaporation behavior of single crystal Mg 
nanoparticles at 130 C and 200 C using in-situ environmental TEM (E-TEM). Prior to the oxidation 
test, a ~2 nm thick monocrystalline MgO layer was detected on the alloy surface. The orientation 
relationship between Mg matrix and MgO was: (0001)Mg // ~2o from (11ത1)MgO, [21ത1ത0]Mg // [001]MgO. 
Fig. 5 shows the dynamic growth of the MgO during oxidation process at 130 C and 200 C.  
 
Figure 5: Series of in situ E-TEM images showing the growth of (a) MgO lamellae at 130 C, the length of the 
lamellae side was marked by blue lines and the shrinking of the MgO lamellae was marked by the black square, 
possibly because of the electron beam effect; (b) bubbling growth of the MgO at 200 C due to the Mg 
evaporation; and (c) the growth of a MgO dendrite on the top of a oxide bubble after cracking 200 C. 
Reproduced from Zhang [38] with permission of Springer. 
At 130 C, as shown in Fig. 5a, the oxide layer was composed of rectangular oxide lamellae. 
Layer thickening was barely noticeable, indicating a slow oxidation process at this temperature. The 
growth of a single oxide lamella was marked by blue lines in Fig. 5a. It can be observed that the upper 
side of the oxide lamella grew preferentially (2.5 nm at 10s to 5.0 nm at 243 s), whereas the growth 
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of the edge side of the lamella was negligible in this period. This implies the epitaxial growth nature 
of the MgO, governed by the faster outward diffusion of Mg2+ cations [39, 71]. As the temperature 
was increased to 200 C, as shown in Fig. 5b, bubbles formed and grew at the Mg/MgO interface. 
The morphology of the MgO layer became irregular. The bubbling growth of the MgO layer was 
considered as a result of intensified Mg evaporation at this temperature [39]. The Mg vapour formed 
and accumulated at the Mg/MgO interface, generating a high internal stress against the MgO layer, 
and therefore resulted in the formation and growth of bubbles. When the internal stress was 
sufficiently high, layer cracking could occur. Such cracks directly exposed the Mg vapour to oxygen, 
leading to the formation of fresh MgO within the cracks and at the outer oxide surface [39]. Fig. 5c 
shows the growth of a fresh MgO dendrite via an oxidation reaction between the Mg vapour and 
oxygen after layer cracking. Compared with the growth of MgO lamellae at 130 C, the growth of 
the MgO dendrites was relatively faster, indicating a non-protective oxidation.  
This study provided direct experimental evidences confirming the evaporation-enhanced 
mechanism of Mg oxidation. At 200 C, the evaporation-enhanced oxidation for single crystal Mg 
nanoparticles was evidenced by the growth of MgO bubbles and fresh MgO dendrites. From the 
macroscopic perspective, i.e. bulk alloys, vigorous Mg evaporation results in the formation of ridges 
within the oxide layer and the nodular growth of MgO [35, 36]. As mentioned in Paper 1, the critical 
temperature for the non-protective oxidation ranges from 400 to 450 C, depending on the 
composition of the Mg alloy.  
Yu et al. [109] studied the effect of dislocations on the evaporation behavior of single crystal Mg 
nanoparticles. It was found that Mg evaporation intensified progressively with the increase in the 
dislocation density. For particles with the lowest dislocation density, observable evaporation occurred 
at 480-520 C. The evaporation was preceded along the c-axis ([0001]Mg) and completed in several 
minutes. In contrast, the particles with ultrahigh density of dislocations, there was instantaneous 
evaporation observed at only 320-350 C, where the Mg core evaporated within a second. It has been 
reported that the monatomic ledges, such as grain boundaries, pores, cracks, dislocations, and 
macroscopic ledges, contribute to the evaporation of metals [117]. Yu et al. [109] conducted first-
principle calculation and found that the binding energy per atom on a monatomic surface ledge BEledge 
was much smaller than that on a smooth (0001) surface, BEsurf. This result indicated the faster Mg 
evaporation on monatomic ledges produced by the dislocations, and was consistent with the observed 
results. 
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Chapter 3 Experimental procedures 
This thesis is publications based and the experimental procedures are briefly described in the 
associated papers presented in Chapter 4-7. Chapter 3 aims at detailing and integrating the experiment 
methods throughout the entire PhD research. Fig. 6 briefly summarizes the experimental procedure 
in this thesis. 
 
Figure 6: The process flow diagram of the experimental procedures throughout the entire PhD research. 
 
3.1 Casting 
3.1.1 Materials used for casting 
Commercially pure Mg ingots were used as the base material for all cast alloys. After melting, 
appropriate amount of alloying elements were added into the melt for alloy synthesis. Be and Ca were 
added to investigate their effect on the oxidation resistance of Mg alloys. Table 4 lists all raw materials 
used for casting with their addition forms, suppliers and purities. 
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Table 4: List of raw materials and their addition forms, suppliers and purity used for casting through the 
thesis. 
Material Addition Form Supplier Purity (%) 
Mg 
Pure metal ingots 
Taiyuan Yiwei Magnesium 
industry Co.,Ltd. (China) 99.94 
Al Pacific Aluminium (Australia) 99.96 
Zn SMC (Australia) 99.995 
Sn Alfa Aesar (Australia) 99.9 
Cu Bohler Uddeholm (Australia) 99.9 
Si Al-50.0 wt.% Si commercial master alloy Belmont (USA) 99.0 
Mn Mg-10 wt.% Mn commercial master alloy 
University of Queensland 
(Australia) N/A 
Y Mg-25 wt.% Y commercial master alloy 
Ganzhou Feiteng Light Alloy 
Co.,Ltd. (China) 99.9 
Zr Mg-30 wt.% Zr commercial master alloy 
Ganzhou Feiteng Light Alloy 
Co.,Ltd. (China) 99.9 
Be Al-5.0 wt.% Be commercial master alloy HuiChem Co.,Ltd. (China) 99.0 
Ca Mg-20.0 wt.% Ca commercial master alloy 
Ganzhou Feiteng Light Alloy 
Co.,Ltd. (China) 99.93 
 
 
3.1.2 Casting procedure 
All melts were prepared in mild steel crucibles coated with boron nitride in an electric resistance 
furnace heated at 740 C, under the protection of a shielding gas of 1 vol. % SF6-49 vol.% CO2-50 
vol.% dry air. After melting the pure Mg, alloying elements (solutes) were added. For solutes with 
high solid solubility in Mg and with lower melting temperature, such as Al, Sn, Cu and Zn, pure 
metals were directly added into the Mg melt. All other solutes were added using the master alloys. 
After addition, the melt was manually stirred for 30 seconds, followed by an isothermal hold for 20 
minutes to ensure the fully dissolving of all the alloying elements and homogenization of the melt. 
After skimming the dross, the melt was poured into a permanent steel mould with dimensions of 130 
mm × 70 mm × 20 mm that was preheated at 200 C, and then was cooled in air. The weight of each 
cast alloy was ~330 g. The compositions of all cast alloys were measured using inductively coupled 
plasma (ICP) emission spectroscopy in the Spectrometer Services PTY. Ltd. (Australia). 
 
3.2 Microstructural characterization 
Microstructure of the as-cast alloys were characterized via OM and SEM. Metallographic 
samples were sectioned from the middle of the ingots. After being mounted, the samples were 
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mechanically ground and polished with 0.3 μm diamond suspension, followed by etching using a 2 
vol.% Nital solution. A Reichert-Jung POLYVAR MET optical microscope equipped with a digital 
camera was used to examine the microstructures of these samples. In order to observe the 
microstructural details and to identify the intermetallic compounds in the samples, the well-polished 
samples were further examined in a JEOL 6610 SEM and a JEOL 7001 field emission scanning 
electron microscope (FESEM). The compositions of the matrix, the intermetallic phases, and eutectic 
micro-constituent observed in the samples were also analysed using EDS in the SEMs. 
 
3.3 Oxidation evaluation    
3.3.1 Isothermal oxidation 
Block samples were also cut from the middle of the ingots. After mechanically grinding and 
polishing, samples were degreased in ethanol and then isothermally oxidized in air. Two different 
isothermal oxidation tests were carried out: (i) TGA oxidation, and (ii) furnace oxidation. 
 
3.3.1.1 TGA oxidation 
TGA allows a quantitative description of the oxidation behavior, and to determine the oxidation 
kinetics, i.e. the weight gains of a sample as a function of time at a constant temperature. The TGA 
oxidation tests were performed using a NETZSCH STA409 TGA device. In order to minimise the 
oxidation at room temperature, samples were placed on a high-purity Al2O3 pan in the device 
immediately after polishing and degreasing in ethanol. Weight gains were measured under isothermal 
conditions at 400 C, 450 C, and 500 C in air for 2-5 hours. A heating rate of 40K/min was applied 
until the required temperature was reached. 
 
3.3.1.2 Furnace oxidation 
The furnace oxidation enabled visual examination of (i) the long-term oxidation behavior of the 
alloys and (ii) the onset accelerated oxidation time when the first visible oxidation nodule appeared 
on the surface. After polishing and degreasing in ethanol, samples were placed into quartz tubes and 
then isothermally heated at 400 C and 500 C in air up to 144 hours. The macroscopic surface 
morphology of the samples were examined using a digital camera. 
 
3.3.2 Ignition tests 
The ignition temperatures of alloys were determined through continuously heating experiments 
in air. Fig. 7 schematically illustrates the experimental device used in the ignition tests. 20 × 20 × 15 
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mm block samples were mechanically ground and degreased in ethanol. Then, a 1.1 mm in diameter 
small hole was drilled into the center of each sample. The samples were placed in a steel container, 
which was painted with boron nitride to prevent reaction of the molten Mg alloy with the steel, and 
heated in a resistance furnace. The furnace temperature was increased at a constant rate of 5 C/min 
from room temperature until there was an indication of sample ignition. A K-type thermocouple (tip 
diameter = 1 mm) was inserted into the hole on the sample to monitor and record the sample 
temperature using a NI SignalExpress data acquisition system. The sample size was small compared 
to the size of the furnace. Hence, the heat generated during ignition of the Mg sample was not 
sufficiently large to significantly increase the furnace temperature. 
 
Figure 7: Schematic illustration of the experimental device for the ignition test. The sample was heated in a 
steel crucible in a top-open electric resistance furnace at a constant rate of 5 C/min. The ignition temperature 
was identified by the sharp increase of the sample temperature.  
The ignition temperature was determined at the point when the sharp increase in temperature was 
measured by the thermal couple. This sharp temperature increase was caused by the exothermal 
burning of the Mg alloy after ignition [28]. Ignition was also confirmed visually by observing a 
luminous flame. As mentioned before in section 2.1.4, the ignition temperature is strongly dependent 
on the experimental conditions, and therefore is not an intrinsic parameter [20, 96, 100]. Nevertheless, 
the value measured can quantitatively evaluate the susceptibility of initiating burning of Mg alloys. 
 
3.4 Mechanism study 
In order to clarify the underlying mechanism of how Be dramatically improved the oxidation 
resistance of the currently studied alloys, an in-depth investigation was carried out via (i) 
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characterization of the oxide layers formed on the alloy surface after isothermal oxidation, and (ii) 
thermal analysis of the as-cast alloys. 
 
3.4.1 Oxide layer characterization 
SEM and TEM were used to characterize the microstructural features of the oxide layers after 
isothermal oxidation. In addition, nanoindentation and nanoscratch techniques were applied to 
examine the mechanical performance of the oxide layers. 
 
3.4.1.1 SEM 
JEOL 6610 and JEOL 7001 SEMs equipped with EDS were used to examine both surface 
topography and cross-sectional morphology of the oxide layers. For surface topography 
characterization, oxidized samples were directly stuck onto a SEM pin stubs (diameter = 12.7 mm) 
using carbon tapes and examined in the SEM. To examine the cross-sectional morphology, samples 
were mounted, mechanically ground and polished with 1 μm diamond suspension, and then etched 
using a 2 vol.% Nital solution to reveal details in the metal substrates and oxide layers. The samples 
were analysed using both secondary electron (SE) imaging and backscattered electron (BSE) imaging. 
The elemental analysis of the oxide nodules and oxide layers were performed using EDS in the SEMs. 
 
3.4.1.2 TEM 
In order to examine the microstructural details of the oxide layers and to detect the Be within the 
oxide layers, the oxidized samples were further examined in TEM. 
A FEI Dual FIB/SEM-SCIOS focused ion beam (FIB) milling system was used to prepare the 
thin foils that contain the cross-sections of the oxide layers and the Mg substrates for TEM 
examination. The thickness of the foils was milled to ~100 nm. Because the oxide layer is relatively 
fragile, conventional thin foil preparation techniques such as twin-jet polishing and precision ion 
polishing can cause layer cracking or even layer peeling off from the sample surface. Therefore, FIB 
is the most suitable technique to prepare the TEM foils with continuous and unbroken oxide layers. 
To prevent sample charging in the FIB milling system, the oxidized samples were carbon coated 
before milling. Samples were firstly examined at the SEM mode in the FIB system to select smooth 
and clean areas for milling. A ~1 μm thick Pt layer was deposited on the selected area prior to the 
milling process to protect the sample surface from damaging and contamination during milling. Thin 
slices with 1.5 μm thickness, 20 μm width and 5 μm height, containing both oxide layers and the Mg 
substrate, were cut out with an ion beam current in the range of 3 nA to 30 nA at the acceleration 
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voltage of 30 kV, followed by wleding on GF301-CU1PELCO® FIB lift-out TEM copper (Cu) grids 
by Pt deposition. Then, the slices on the Cu grids were progressively thinned to ~100 nm, at much 
lower ion beam current (0.3 nA down to 30 pA), followed by final cleaning steps using low voltage 
polishing at grazing incidence. 
The thin foil samples produced by FIB were examined in a JEOL 2100 TEM (operated at 200 
kV) and a Hitachi HT7700 TEM (operated at 120 kV) using both bright field imaging and dark field 
imaging. Diffraction patterns of the oxide layers and individual oxide grains were obtained using 
selected area electron diffraction (SAED) and nano-beam (beam size = 10 nm) diffraction techniques 
in the TEM, respectively. After indexing the diffraction patterns using Digital Micrograph software 
and SpringerMaterials database, and being further checked manually, the lattice parameters of the 
oxides were calculated. The compositions of the oxide layers were also analyzed using EDS in the 
TEM. 
 
3.4.1.3 Nanoindentation and nanoscratch 
Nanoindentation and nanoscratch tests were carried out on the surfaces of the oxidized samples 
after oxidation using a Hysitron TI900 Triboindenter® to investigate the mechanical behaviors of the 
oxide layers.  
Nanoindentation test was conducted using a Berkovich diamond indenter (tip radius = 100 nm) 
under a load control mode, in which the load was gradually increased to a preset peak load in the 
range of 50 to 2500 μN. The load was maintained at the peak value for 2 seconds, and then was 
released. Measurements were also conducted on substrates of the same samples for comparison. An 
atomic force microscope (AFM) was used to select a smooth area for each indentation. The load-
displacement (P-h) curves were recorded, and used to calculated the elastic modulus E and the 
hardness H via the Oliver-Pharr procedure [118]. These evaluations used values of the Poisson’s 
ratios of 0.19 and 0.35 for the oxide layers and the substrates, respectively [119, 120]. Since the oxide 
layers were thin, the properties measured from the nanoindentation reflected a combination of the 
properties of the substructure and the oxide, when the penetration depth was insufficiently small. 
Hence, the measured values of E and H were further processed using a deconvolution method [121] 
to determine the actual values for the oxides. 
Nanoscratch tests were conducted using a diamond conical indenter with radius of 1 m. After 
selecting the smooth areas using AFM, testing was performed under linear loading and constant 
loading. For linear loading tests, the normal force was increased from 0 to 1000 μN at a loading rate 
of 34 μN/s. For constant loading tests, a normal force of 100 μN was applied and kept constant during 
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testing. In both loading conditions, the indenter tip was moved horizontally across surfaces of the 
oxidized samples at a fixed rate of 20 μm/min for a length of 10 μm. The lateral displacements, normal 
forces and the lateral forces acting on the tip were recorded during scratching. 
 
3.4.2 Thermal analysis 
The NETZSCH STA409 DTA apparatus was conducted to measure the melting temperature of 
some alloys. Block samples were cut from the middle of the as-cast ingots, mechanically ground and 
polished, and then placed into a high-purity Al2O3 crucible in the DTA furnace. Afterwards, the 
furnace was evacuated and refilled with Argon (Ar) gas at room temperature. The evacuate-refill 
cycle is continuously repeated 5 times to ensure an inert atmosphere within the furnace. Then samples 
were heated to 480 C at the heating rate of 10 K/min, followed by an isothermal hold for 20 min, 
and cooling at 10 K/min to room temperature. The entire process was conducted in inert Ar gas flow 
to minimize the oxidation of samples. The temperatures and the heat absorption/releasing of the 
samples were monitored, recorded, and analyzed using a Proteus Analysis data acquisition software. 
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Chapter 4 The effect of Be on the oxidation resistance of Mg-9Al-1Zn 
alloys 
4.1 Chapter overview 
This chapter investigates the solid-state oxidation resistance of Mg-9Al-1Zn (AZ91) alloys 
micro-alloyed with Be at 0 to 60 ppm (wt) concentrations. 
First, the solid-state oxidation behaviors of AZ91 alloys with 0 to 60 ppm Be addition was studied 
through TGA and furnace oxidation tests in air at 400 C. It was found that Be could significantly 
increase the solid-state oxidation resistance of AZ91 alloys through effectively extending the 
protective incubation period. After oxidation, the samples were examined using SEM. The results 
showed that the oxide layer on the surface of AZ91 alloy was thick and porous, whereas the surface 
on the AZ91 containing 60 ppm (wt) Be (AZ91Be60) was flat and uniform. Both of the EDS results 
and the thermodynamic calculation indicated the inexistence of a continuous BeO layer. Details on 
this work are fully presented in Paper 2 in section 4.2. 
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Abstract 
The present experimental work verifies that micro-alloying of Mg–9Al–1Zn magnesium alloy 
with beryllium can lead to significant increase in oxidation resistance at elevated temperatures 
because the trace beryllium retarded the outward diffusion of Mg2+ and the Mg vaporisation. 
Microalloying with Be may enable wider applications of this type of light alloys in automotive and 
aerospace industries for the purpose of weight reduction. 
Keywords: Magnesium alloy, Oxidation, Casting, SEM, Beryllium 
 
Magnesium (Mg) alloys are of interest because of their low density, and their relative abundance 
in earth [1–4]. However, due to the high chemical activity, Mg alloys have relatively low resistance 
to high- temperature oxidation, which restricts their wider applications [5–9]. 
In the past years, oxidation resistant Mg alloys have been developed by means of alloying. Some 
solutes including Ca, and rare earth (RE) elements, such as Y, Ce, Gd, Nd and La have been proved 
to be effective in previous studies [9–12]. Unfortunately, Mg alloys containing over 1 wt.% Ca are 
brittle [13], and significant RE elements increase the price sharply [14]. 
In comparison, trace addition of beryllium (Be) effectively improves the oxidation resistance of 
Mg alloys [15], even for micro-alloying at 10 to 100 ppm [16–18]. Houska [15] reported that alloying 
with 10 ppm Be increased the ignition temperature of Mg by 200 °C. A similar result was found by 
Huang et al. [19] in a 300 ppm Be-bearing Mg–2 wt.% Ca alloy. Zeng et al. [20] found that molten 
Mg–9Al–1Zn (wt.%) containing 0.3 wt.% Be was able to be melted without shielding gas due to the 
formation of BeO layer. Czerwinski's early thermogravimetric measurement [21] showed that 
increasing the Be content from 5 ppm to 10 ppm significantly delayed the onset accelerated oxidation 
stage at 487 °C and the difference was substantial after 10 minute oxidation. However, the mechanism 
of magnesium oxidation inhibition by microalloying with Be is still unclear. The present work aims 
to investigate the role of Be in solid-state oxidation of Mg–9Al–1Zn (AZ91) alloys, which are the 
most commonly used Mg alloy. 
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Five cast AZ91 alloys were melted using commercially pure Mg, Al and Zn in a steel crucible 
and cast in a steel mould under the protection of a shielding gas (1% SF6–49% CO2–50% dry air).  
A commercial Al–5.0 wt.% Be master alloy was used to add Be. Table 1 presents the chemical 
compositions of the five alloys. 12 × 12 × 10 mm block samples were cut from the ingots and 
mechanically ground with 600–4000 grit SiC abrasive papers followed by an oxidation test at 400 °C 
(i) in a NETZSCH STA409 thermogravimetric analyser (TGA) for 5 h in air and (ii) in an air furnace 
up to 144 h. The TGA test provided the relationship of weight gain and oxidation time. The furnace 
test enabled the determination of the onset accelerated oxidation time when the first visible oxidation 
nodule appeared on the surface. After furnace test, the surface morphology and the thickness of the 
oxide layers on the cross sections were examined in a scanning electron microscope (SEM) equipped 
with an energy-dispersive X-ray spectroscope (EDS). 
Table 1: Alloy composition analysis (wt. %) by ICP-AES (atomic emission spectrometer). 
Sample Mg % Al % Zn % Be ppm 
AZ91 Bal 8.90 1.07 <1 
AZ91Be10 Bal 9.22 1.10 9 
AZ91Be20 Bal 9.44 1.06 17 
AZ91Be30 Bal 9.11 1.05 29 
AZ91Be60 Bal 9.07 1.00 56 
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Figure 1: TGA results of AZ91Be alloys oxidized at 400 °C for 5 hours in air. 
Fig. 1 exhibits the variations of weight gain of the studied alloys with oxidation time measured 
at 400 °C. Compared with the AZ91 alloy, microalloying with Be remarkably reduced the rate of 
weight gain at the test temperature. As shown in Fig. 1, after 5 hour oxidation at 400 °C, the weight 
gain of the AZ91 alloy was 0.73 mg/cm2. It was constantly reduced with an increase in Be content. 
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At 60 ppm Be, the weight gain was reduced nearly 10 times to 0.07 mg/cm2. The reduction in weight 
gain with Be addition implies an increase in oxidation resistance. In addition, unlike all other three 
alloys, the weight gain of the AZ91Be30 and AZ91Be60 alloys became constant after 250 min at 400 
°C, indicating the occurrence of passivation on these two alloys. 
The onset of accelerated oxidation times was recorded during furnace test. The determined 
critical times were 2.5 h for the AZ91 alloy, 66.25 h for the AZ91Be10 alloy, 79.25 h for the 
AZ91Be20 alloy, 95 h for the AZ91Be30 alloy and 110 h for the AZ91Be60 alloy. This implies that 
the formation of the first oxide nodule (at macro scale) was delayed sharply with the increase in Be 
content. It is generally considered that the MgO growth is primarily controlled by the outward 
diffusion of Mg- cations followed by the reaction with oxygen at the oxide/gas interface [22]. At 400 
°C, not only the diffusion rate of Mg-cations is increased, but the evaporation of Mg is also 
accelerated [23]. Vaporisation of Mg raises the stress in the film contributing to the film cracking and 
accelerates the oxidation rate accordingly [24]. The exposed oxide nodules represent the onset of 
accelerated oxidation due to cracking of the initial layer [24]. Thus, the present results indicate that 
trace addition of Be can effectively extend the protective incubation period. The macroscopic and 
SEM images with EDS results of the oxide nodules formed on the AZ91 alloy and the AZ91Be60 
alloy at the critical time were presented in Fig. 2. The first oxide nodules were marked by the white 
circles in the two insertions. The SEM images of both alloys are very similar, indicating analogous 
oxidation characteristic in both alloys. EDS analysis shows high oxygen concentration within the 
nodule regions, verifying abundant MgO oxide. Unfortunately, due to the accuracy limitation of EDS, 
no Be was detected. 
 
Figure 2: The morphology and chemical composition of the first oxide nodule formed on: (a) AZ91; (b) 
AZ91Be60 at 400℃. 
Fig. 3 shows macrographs of the samples after the 144-hour furnace oxidation. After cleaning 
the oxide powder on the AZ91 alloy, it can be seen that the sample was completely destroyed. 
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However, the original shapes of all Be-bearing samples remained unchanging except for a few oxide 
nodules or pits on the surfaces. 
 
Figure 3: The macroscopic images of AZ91 and the AZ91Be magnesium alloys after 144-hour oxidation at 
400 ℃. 
The surface topography and cross-sectional micrographs of the oxide layers on the AZ91 and the 
AZ91Be60 were also examined by SEM. As shown in Fig. 4a, after 144-hour oxidation, the surface 
of the AZ91 was highly porous with some cracks as indicated by the arrows. While, the AZ91Be60 
alloy in Fig. 4b exhibited a dense and uniform sur- face so as to show the polishing grooves, on which 
there are a few individual oxide particles. On the cross section, although the loose MgO powder was 
cleaned, the AZ91 alloy was still covered by an around 40 μm thick oxide layer as presented in Fig. 
4c. The oxide layer exhibits columnar structure consisting of “darker” and “brighter” regions in the 
backscattered electron (BE) image. EDS analysis results indicated that the darker region contains 
41.43 wt.% of O, 50.31 wt.% of Mg and 4.44 wt.% of Al, indicating the majority of MgO. The brighter 
region is Al enriched containing 34.31 wt.% of Al. The consumption of Mg during oxidation led to 
the local increase in Al concentration at the oxide/metal interface and in between the columnar 
structure. As a result, these brighter regions formed. The cracks and pores inside the layer were a 
result of Mg vaporization. However, the cross-sectional BE micrograph of the AZ91Be60 alloy (Fig. 
4d) shows a uniform and flat surface. Within the accuracy and resolution range of the SEM, no 
obvious oxide layers were detected. These results imply that microalloying of the AZ91 alloy with 
Be either promoted the formation of a protective layer on  the surface of the alloy to isolate the Mg 
alloy substrate from the oxygen, which although cannot be detected in SEM, or suspended the 
outward diffusion of Mg ions and vapour. As a result, the oxidation resistance was effectively 
improved. 
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Figure 4: Secondary electron (SE) surface image and backscattered electron (BE) cross-sectional 
micrographs of AZ91 and AZ91Be60 after 144-hour oxidation at 400℃: (a) surface of the AZ91; (b) surface 
of the AZ91Be60; (c) cross-section of the AZ91; (d) cross-section of the AZ91Be60. 
It is still not really clear how the microalloying with Be can dramatically improve the oxidation 
resistance of Mg alloys. Zeng and co- workers [17] found that such improvement in a AZ91-0.3 wt.%  
Be melt was attributed to the formation of BeO on the surface. Because the P-B ratio of BeO is 1.71 
[25], BeO is able to provide effective protection to the substrate from further oxidation. However, at 
solid state, there is still a lack of solid evidence verifying the existence and formation of BeO layer. 
Furthermore, to enable BeO forming on the surface, the following reaction should be considered: 
Beሺsሻ ൅ MgOሺsሻ ൌ BeOሺsሻ ൅ Mgሺsሻ																																																		ሺ1ሻ 
The change of Gibbs free energy is [20]:   
∆ܩଵ ൌ ∆ܩଵ଴ ൅ Rܶln
ߙ୆ୣ୓ߙ୑୥
ߙ୑୥୓ߙ୆ୣ 																																																									ሺ2ሻ 
where R is the thermodynamic constant, T is the temperature (K) and α represents the activity. MgO 
and BeO are regarded as pure solids, so both ߙ୆ୣ୓  and ߙ୑୥୓ are equal to 1. ߙ୑୥ and ߙ୆ୣ can be 
approximated by their mole atomic concentrations ܿ୑୥, ܿ୆ୣ, and deduced by mass concentrations 
߱୑୥ and ߱୆ୣ for simplification [20]: 
ߙ୑୥
ߙ୆ୣ ൌ
ܿ୑୥
ܿ୆ୣ ൌ
߱୑୥/24
߱୆ୣ/9 																																																													ሺ3ሻ 
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Substituting the thermodynamic data [26] and Eq. 3 into Eq. 2, the ∆ܩଵ can be derived as: 
∆ܩଵ ൌ െ6970 െ 9.89ܶ ൅ Rܶln
ߙ୆ୣ୓ߙ୑୥
ߙ୑୥୓ߙ୆ୣ ൌ െ6970 ൅ ቆ8.314ln
߱୑୥/24
߱୆ୣ/9 െ 9.89ቇܶ								ሺ4ሻ 
It is found that to enable the formation of BeO prior to MgO at 400 °C (673 K), namely, the 
negative ∆ܩଵ, the lowest Be concentration required is 2.86 wt.%. Because the Be is below 60 ppm in 
the present work, it is almost impossible to accumulate the Be content up to 2.86 wt.% on the surface 
through elementary segregation. In addition, within the accuracy range of the EDS used in the current 
work, no Be was detected. Hence, the formation of BeO layer on the surface is unlikely. 
Czerwinski and co-workers [27] reviewed the reactive element effect (REE) in REs (reactive 
elements) containing Mg alloys. The simplified assumption is that trace amount REs do not form a 
compact barrier layer but migrate to grain boundaries of local oxides, which blocked the further 
outward diffusion of Mg-ions. Czerwinski's early work showed higher oxidation resistance of 10 ppm 
Be-containing AZ91D alloys than that containing 5 ppm Be [21]. In the present work, the higher 
oxidation resistance is achieved with higher Be addition; even the Be content is much lower than the 
stoichiometry of BeO, indicating an analogy with REE. Another possible mechanism of Be in 
improving the oxidation resistance of Mg alloys is the segregation of Be along the grain boundaries 
of α-Mg matrix because of the nearly zero solid solubility of Be in Mg. Such segregation effectively 
impedes the grain boundary diffusion of Mg-ions, delaying the oxidation. Based on these available 
experimental results and hypothesises, it is reasonable to assume that all the added Be contributed to 
the delay in onset accelerated oxidation. This is because higher segregation of Be either along the 
oxide grain boundaries or on the α-Mg grain boundaries can more effectively slow down the outward 
diffusion of Mg-ions. If this hypothesis is valid in the present alloys, Be should be detected along the 
grain boundaries in the oxide layers and in the Mg matrix. Further investigations on this topic are 
being undertaken using advanced material characterization techniques, e.g. SIMS and STEM. 
In summary, microalloying with Be can effectively improve the oxidation resistance of AZ91–
Mg alloy at solid state. 
i. During oxidation at 400 °C, the onset accelerated oxidation time was delayed with Be additions. 
ii. After oxidation, the thick and porous oxide layer was observed at the surface of AZ91 specimen, 
whereas the surface on AZ91Be60 was flat and uniform. 
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iii. Both of the thermodynamic calculation and EDS results showed the inexistence of BeO. The 
oxidation inhibition by trace Be addition is in agreement with the assumption of REE in Mg 
alloys. 
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Chapter 5 Reinforcement effect of Be on the initially formed MgO layer 
5.1 Chapter overview 
To understand the mechanism, by which trace addition of Be improved the oxidation resistance 
of Mg alloys as presented in Paper 2, the effect of Be on the initially formed oxide layer on the AZ91 
alloy is investigated in this chapter from the perspectives of the microstructural characterization and 
mechanical properties. 
First, crack-free oxide layers on the AZ91 and AZ91Be60 were produced via TGA oxidation in 
air at 400 C for 2 hours. Then, the microstructure were characterized in a TEM and mechanical 
properties of the oxide layers were measured using nano-mechanical test methods including 
nanoindentation and nanoscratch. The results showed that Be could accumulate within the initially 
formed MgO layer, leading to (i) the formation of (Mg,Be)O solid solution; and (ii) refinement of the 
oxide grains during the oxidation process. The fine-grained (Mg,Be)O layer exhibited higher 
mechanical properties, including (i) the hardness, and (ii) the strength than MgO. Combining the 
results of the microstructural characterization and the mechanical properties of the oxide layers, the 
mechanism underlying the improved oxidation resistance in Be-containing AZ91 alloys are 
elucidated. Details on this work are fully presented in Paper 3 in section 5.2. 
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attributed to the formation of a more protective (Mg,Be)O surface oxide  
Qiyang Tan1, Ning Mo1, Chih-Ling, Lin1, Bin Jiang2, Fusheng Pan2, Han Huang1, Andrej Atrens1 
and Ming-Xing Zhang1,* 
1 School of Mechanical and Mining Engineering, The University of Queensland, St. Lucia, QLD 
4072, Australia 
2 College of Materials Science and Engineering, Chongqing University, Chongqing, 400030, 
China 
Abstract 
The oxidation resistance of Mg-9Al-1Zn alloy (AZ91) was significantly improved through 
microalloying with 60 ppm Be. Be reinforced the initially formed oxide layer on the alloy surface by 
(i) the formation of a (Mg,Be)O solid solution due to the Be enrichment; and (ii) the refined gains of 
the (Mg,Be)O. During high-temperature oxidation, the reinforced (Mg,Be)O layer provided sufficient 
strength to withstand the internal stresses and the Mg vaporisation, and therefore delayed the oxide 
layer cracking and debonding from the substrate. In addition, the initial oxidation rates of AZ91 and 
Be-containing AZ91 were closely related to surface roughness. 
Keywords: A. Magnesium; A. Alloys; B. TEM; C. Oxidation 
 
1. Introduction 
Magnesium (Mg) and its alloys have attracted increasing interests in automotive and aerospace 
industries due to their low density and high specific strength [1-3]. However, their low oxidation 
resistance represents a major drawback that limits their expansion into new applications [4-7]. Surface 
degradation of the part, and fires, can be caused by the long-term exposure of Mg alloys in air at 
elevated-temperatures during manufacturing processes, such as casting, welding and heat treatment 
[8, 9]. The low oxidation resistance of Mg alloys is mainly attributed to the incompact nature of the 
surface MgO layer, due to the low Pilling-Bedworth ratio (P-B ratio) of 0.81 [10-13]. The initially 
formed thin MgO surface layer provides some protection for the substrate during the initial incubation 
period [5]. However, thickening of the oxide layer and the outward diffusion of Mg vapour increase 
the internal stress in the layer, which causes film cracking and debonding [5]. This causes rapid 
oxidation, and subsequently ignition. 
Microalloying with beryllium (Be) has been shown to improve the oxidation resistance of Mg 
alloys [14-16]. Zhao et al. [17] reported that the AZ91 containing 0.2 wt.% Be was ignition-resistant 
up to 760 C. Zeng et al. [18] found that the Ignition Proof Magnesium Alloy (IPMA), containing 0.3 
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wt.% Be, could be melted in air without burning. Trace concentrations of Be, at ppm concentrations, 
have also been shown to provide significant improvements in the oxidation resistance of Mg alloys 
[14, 19, 20]. Houska [14] reported an increase in the ignition temperature of pure Mg by 200 C 
through microalloying with 10 ppm Be. Czerwinski [19] observed an extended oxidation incubation 
period at 487 C for an AZ91 alloy containing 10 ppm Be.  
However, the mechanism is still unclear of how Be improves the oxidation resistance. Because 
Be is surface active in molten Mg, and because BeO has a high P-B ratio of 1.70 [13], the increased 
oxidation resistance has long been attributed to the formation of a dense and continuous BeO layer 
on the surface, prior to the formation of MgO [21, 22]. However, BeO has never been observed. In 
addition, although the P-B ratio of BeO/Be is known to be 1.70, the substrates in this case are Mg 
alloys rather than pure Be. Hence, it is not appropriate to use this P-B ratio of 1.70 to evaluate the 
volume difference for the formation of a BeO layer on an Mg alloy. It is necessary to consider the 
Mg metal substrate. Following the work by Inoue et al. [23] who calculated the P-B ratio of CaO/Mg-
10at.%10Al-5at.%Ca to be 1.17, the P-B ratio of BeO on AZ91 was calculated to be 0.62, using the 
definition of the P-B ratio [13] (ܴ୔୆ ൌ ெ౥౮౟ౚ౛ൈఘౣ౛౪౗ౢ௡ൈெౣ౛౪౗ౢൈఘ౥౮౟ౚ౛, where M refers to the atomic or molecular 
mass, n is the number of atoms of metal per one molecule of the oxide and ρ denotes density, Moxide 
refers to BeO, and Mmetal refers to the AZ91 alloy). Hence, even if a BeO layer formed, it would not 
be expected to be able to provide protection of the Mg substrate from oxidation due to the low P-B 
ratio. Czerwinski [19, 24] attributed that the decrease in the oxidation rate of Be-containing Mg alloys 
to the reactive element effect (REE) of Be. The segregation of Be2+ cations along the MgO grain 
boundaries was expected to inhibit the outward diffusion of Mg2+ cations along the grain boundaries, 
resulting in a decrease in the oxidation rate. However, this hypothesis has not been experimentally 
tested. Therefore, further investigation of the mechanism, by which trace addition of Be improves the 
oxidation resistance of Mg alloys, is of practical importance in the development of new oxidation-
resistant Mg alloys, and has potential impact in understanding how alloying can decrease the 
corrosion rate of Mg alloys in aqueous solutions [25].  
Microalloying AZ91 with 60 ppm Be was shown in our previous work [20, 26] to significantly 
reduce the solid-state oxidation rate, and to increase the oxidation incubation period. Compared with 
the non-protective MgO layer formed on AZ91, the oxide layer formed on AZ91Be60 (the AZ91 
alloy containing 60 ppm Be) was compact and protective. Both thermodynamic evaluation and 
SEM/EDS observations showed that a continuous BeO layer could not possibly form. It was 
suggested that Be segregation in the initially-formed MgO surface layer caused reinforcement of this 
layer, and therefore prevented oxide layer cracking [26]. However, this hypothesis was not tested.   
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The present work aimed to test this hypothesis through (i) nanostructural characterisation of the oxide 
layer using transmission electron microscopy (TEM) and (ii) characterisation of the mechanical 
properties of the oxide layer using nanoindentation and nanoscratch techniques.  
The measured oxidation kinetics in this present study indicated overall weight gains lower than 
in our previous work [20], although the oxidation conditions were the same. This difference was 
attributed to the lower surface roughness, because the present study used specimens polished with 0.3 
μm diamond, whereas the previous work [20] used rougher specimens, mechanically ground with 
4000 grit. Such lower oxidation rates have been previously reported for smoother surface finishes. 
Wang and co-workers [27] reported a reduction by ~7 times with decreasing surface roughness for a 
Ni-based superalloy at 1100 C. Similarly, Li et al. [28] found a significant reduction in the parabolic 
oxidation rate of a NiCoCrAlY alloy with decreasing the surface roughness. 
In order to clarify the influence of surface roughness on the initial oxidation rate of Mg alloys, 
the present work also studied the oxidation kinetics of AZ91 and Be-containing AZ91 with different 
surface finishes.  
 
2. Experimental Methods 
2.1 Alloy preparation 
The Mg alloy AZ91, and AZ91 containing Be, were produced by melting Mg, Al and Zn of 
commercial purity, and a commercially available Al-5 wt.% Be alloy, in a steel crucible in an electric 
resistance furnace, under the protection of a shielding gas of 1 vol. % SF6 - 49 vol.% CO2 - 50 vol.% 
dry air. The pure Mg was heated at 740 C until it melted completely, and the appropriate amounts 
of Al, Zn and the Al-5 wt.% Be master alloy were added into the melt. The melt were isothermally 
held at 740 C for 20 min to ensure complete dissolution of all the alloying elements, and to ensure 
homogenization of the melt. The melt was cast into a steel mould that was preheated at 200 C. Table 
1 presents the chemical composition of the two alloys, which were determined by Spectrometer 
Services Pty. Ltd. using inductively coupled plasma (ICP) emission spectroscopy. 
Table 1: Alloy composition analysis (wt. % or wt. ppm) carried out using inductively coupled plasma - atomic 
emission spectrometer (ICP-AES). 
Sample Mg % Al % Zn % Ca % Be ppm 
AZ91 Bal 9.18 1.10 <0.01 <1 
AZ91Be60 Bal 9.57 1.03 <0.01 66 
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2.2 Isothermal oxidation 
The isothermal oxidation was performed in a NETZSCH STA409 thermogravimetric analysis 
(TGA) apparatus. The TGA allowed characterisation of the oxidation kinetics of each sample in terms 
of the weight gain as a function of oxidation time. Specimens were 10 ×10 × 2 mm in size, cut from 
the cast ingots, and mechanically ground and polished with 0.3 μm diamond suspension in order to 
obtain an appropriate surface finish for nanoindentation and nanoscratch tests. The TGA experiments 
were performed at 400 C in air (i) for 5 h to determine the oxidation resistance and the incubation 
period of each alloy; and (ii) for 2 h to produce crack-free oxide layers for TEM examination, and for 
nanoindentation and nanoscratch testing. For each condition, the isothermal TGA oxidation tests were 
repeated at least 3 times, and the reproducibility was evaluated using the coefficient of variation (CV). 
  
2.3 Surface roughness 
The investigation of the influence of surface roughness on the oxidation kinetics used specimens 
ground with 600 grit SiC sand paper, 4000 grit SiC sand paper and polishing with 0.3 μm diamond 
suspension. Three-dimensional (3D) surface morphologies and surface profiles were measured using 
an Olympus LEXT OLS4100 confocal laser-scanning microscope in reflection mode. The arithmetic 
average height parameter, Ra, was calculated and used to characterize the surface roughness. The 5-
hour oxidation kinetics of these ground and polished samples were determined using the TGA 
apparatus at 400 C in air as detailed above. 
 
2.4 Microstructural characterization 
A JEOL 2100 transmission electron microscope (TEM), operated at an acceleration voltage of 
200 kV, was used to examine cross-sections of the oxide layers on the specimen surface after 2-h 
isothermal oxidation at 400 C. Diffraction patterns of the oxide layers were obtained by the selection 
area diffraction (SAED) technique. The concentrations of the major alloying elements in the oxide 
layers were measured using energy dispersive spectroscopy (EDS) in the TEM. Due to the small 
concentration of Be, long time data acquisition times were used to generate the EDS spectra. TEM 
foils were prepared in a FEI Dual FIB/SEM-SCIOS focused ion beam (FIB) milling system. To 
prevent sample charging in the FIB milling system, the oxidized samples were carbon coated before 
milling. 
 
2.5 Nanoindentation and nanoscratch 
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Nanoindentation and nanoscratch tests, using a Hysitron TI900 Triboindenter®, were carried out 
on surfaces of the specimens after 2 h oxidation at 400 C in air. A Berkovich diamond indenter (tip 
radius = 100 nm) was used for nanoindentation. A diamond conical indenter with radius of 1 m was 
used for nanoscratch. 
For nanoindentation, a load control mode was used, in which the load was gradually increased to 
a preset peak load in the range of 50 to 2500 μN. The load was maintained at the peak value for 2 
seconds, and was then released. Measurements were also conducted on substrates of the same samples 
for comparison. Each loading protocol was repeated 5 times and the reproducibility was assessed 
based on the coefficient of variation, CV. The load-displacement (P-h) curves were recorded. The 
elastic modulus E and the hardness H were calculated from the P-h curves using the Oliver-Pharr 
procedure [29]. These evaluations used values of the Poisson’s ratio of 0.19 and 0.35 for the oxide 
layer and the substrate, respectively [30, 31]. Atomic force microscopy (AFM) was used to select a 
smooth area for each indentation. 
For nanoscratch, testing was conducted using linear loading and constant loading. For linear 
loading, the normal force was increased from 0 to 1000 μN at a loading rate of 34 μN/s. For constant 
loading, a normal force of 100 μN was applied and kept constant during testing. In both loading 
conditions, the tip was moved horizontally across the surface of the sample at a fixed rate of 20 
μm/min for a length of 10 μm. The lateral displacement, normal force and the lateral force acting on 
the tip during scratching were recorded. For each loading condition, 5 repeat tests were performed 
and these indicated good reproducibility. 
 
3. Results and discussion 
3.1 Oxidation  
Fig. 1 presents the isothermal oxidation kinetics at 400 C in air, as measured by the average 
values of specific weight gains of the AZ91 and AZ91Be60 alloys versus time. The standard deviation 
error bounds of the data points indicated good reproducibility of the tests, with the coefficient of 
variation (CV) of 16 % of the mean. The oxidation kinetics shown in Fig. 1 were fitted to the oxidation 
parabolic law and the power law using the following equations [32]:   
∆ܹ ൌ ሺܭ୔ݐሻ
ଵ
ଶ																																																																									ሺ1ሻ 
∆ܹ ൌ ܣݐ஻ ൅ ܥ																																																																								ሺ2ሻ 
where ∆ܹ is the weight gain of the alloy per unit area (mg/cm2), ܭ୔ is the parabolic oxidation rate 
(mg2/cm4 min), A and C are fitting constants, B is the exponent, and ݐ represents the oxidation time 
in min. There was a good fit of the experimental data to these equations. The best-fit to equations (1) 
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and (2) for each data set were presented by the dashed curves in Fig. 1. The values of the best-fit 
parameters are presented in Table 2. 
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Figure 1: The isothermal oxidation kinetics of polished AZ91 and AZ91Be60 at 400 C in air for (a) 5 h and 
(b) 2 h. The dashed curves were best fits to equations (1) and (2). 
Table 2: Best-fit parameters of the parabolic and power laws evaluated from the data in Fig. 1. 
Oxidation 
time Sample Kinetics Parameters R
2 
5 h  
(300 min) 
AZ91 
Parabolic (0 < t < 150 min) ܭ୔ = 4.57 × 10-6 0.96 
Power law (150 < t < 300 
min) 
ܣ = 6.17 × 10-8 
0.99 ܤ = 2.52 
C = 0.01 
AZ91Be60 Parabolic (0 < t < 300 min) ܭ୔ = 1.10 × 10-6 0.80 
2 h  
(120 min) 
AZ91 
Parabolic (0 < t < 120 min) 
ܭ୔ = 2.50 × 10-6 0.92 
AZ91Be60 ܭ୔ = 1.80 × 10-6 0.95 
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Fig. 1(a) shows that AZ91 had two oxidation stages: (i) the initial parabolic stage; and (ii) the 
accelerated stage, whereas AZ91Be60 had only parabolic oxidation kinetics throughout the test 
period. Within the parabolic stage, the ܭ୮ value of AZ91Be60 was smaller than that of AZ91 as listed 
in Table 2, indicating a lower oxidation rate of AZ91Be60 during the initial stage. After 150 minutes 
of parabolic growth, the oxidation of AZ91 followed power-law kinetics with an accelerating 
oxidation rate, whereas AZ91Be60 continued to show parabolic kinetics. After 5 h (300 min) 
oxidation at 400 C, the overall specific weight gain of AZ91 was 0.118 mg/cm2, whereas AZ91Be60 
had an overall specific weight gain of 0.016 mg/cm2, which was a factor of ~7 times lower. This result 
indicates the significant increase in oxidation resistance of the AZ91 through microalloying with Be.  
Within the initial parabolic stage, the MgO layer was expected to be crack-free, and therefore 
provided protection of the substrate from oxidation [5, 9]. The protective oxidation stage was also 
considered to be an oxidation incubation period, during which the oxidation was mainly controlled 
by the outward diffusion of Mg2+ cations through the oxide lattice and along grain boundaries, 
followed by the reaction with oxygen at the oxide/gas interface [5, 7, 20, 24]. The ionic diffusion 
coefficients of Mg2+ cations through the MgO lattice, DL, and along grain boundaries, DB, are 
expressed by the following Arrhenius equations [33, 34]: 
ܦ୐ ൌ 1.0 ൈ 10ି଺ exp ൬െ150000Rܶ ൰		m
ଶ s⁄ 																																											ሺ3ሻ 
ܦ୆ ൌ 1.4 ൈ 10ିଵ଴ exp ൬െ54921Rܶ ൰		m
ଶ s⁄ 																																											ሺ4ሻ 
where R is the gas constant and T is the temperature (in K). At 400 C (673 K), DL and DB were 
evaluated from these equations to be 2.24 ൈ 10-18 m2/s and 7.61 ൈ 10-15 m2/s, respectively, which are 
very small values. These low values indicate that the ionic diffusion of Mg2+ cations, within the oxide 
layer is too low to produce a substantial oxidation rate, consistent with the small weight gains in the 
incubation period for both alloys as shown in Fig. 1(a). 
In contrast, during the accelerated oxidation stage, it is expected that there was a non-protective 
oxide layer. The onset of the accelerated oxidation is attributed to the cracking in the MgO layer and 
the end of the incubation period [5, 20]. Fig. 1(a) shows that, at 400 C, the oxidation incubation 
period of AZ91 was ~150 min. The power-law kinetics during the accelerated oxidation stage 
indicates increasing cracking within the initially formed oxide layer on AZ91. In contrast, the 
oxidation of AZ91Be60 followed parabolic kinetics for the entire oxidation test period. This indicated 
that microalloying with 60 ppm Be significantly extended the oxidation incubation period of AZ91. 
In order to produce the crack-free oxide layers within the incubation periods on both alloys for 
in-depth examination, a 2 h (120 min) TGA was performed at the same condition i.e. at 400 C in air. 
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Fig. 1(b) and Table 2 show that both alloys (AZ91 and AZ91Be60) exhibited parabolic kinetics with 
similar weight gains over this period. 
 
3.2 Influence of surface roughness  
Fig. 2 shows the 3D surface images of specimens with different surface finishes (Figs. 2(a), (b) 
and (c)), and the surface profiles perpendicular to the grinding/polishing direction along the dashed 
lines marked in the corresponding 3D images (Figs. 2(d), (e), and (f)). The ground specimens showed 
sharp crests and deep grinding grooves compared with the much smoother surface of the polished 
specimen. The measured surface roughness, Ra, and standard deviation are listed in Table 3.  
 
Figure 2: 3D surface morphological images and corresponding cross-sectional profiles along the dashed lines 
of samples with different surface finishes. (a), (d): the sample ground with 600 grit SiC sand paper;  (b), (e): 
the sample  ground with 4000 grit SiC sand paper; and (c), (f): the sample polished with 0.3 μm diamond 
suspension. 
 
Table 3: Surface roughness, Ra, of different surface finishes. 
Surface finish Ra (μm) Standard deviation (μm) 
600 grit SiC 0.85 0.05 
4000 grit SiC 0.49 0.07 
0.3 μm diamond suspension 0.05 0.02 
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Fig. 3 shows the 5-hour isothermal oxidation kinetics of both alloys at 400 C in air for specimens 
with different surface roughness. The oxidation kinetics were measured by the average values of at 
least three measurements of specific weight gain versus time. The dashed curves indicate the best fit 
of the measured data to the parabolic law and the power law, i.e., equation (1) and (2). The values of 
the best-fit parameters are listed in Table 4. 
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Figure 3: The isothermal oxidation kinetics of (a) AZ91, and (b) AZ91Be60 at 400 C in air for 5 h for samples 
with different surface finishes. The dashed curves were best fits to equations (1) and (2). 
Fig. 3 shows a significant reduction in the overall weight gain with decreasing surface roughness 
for both alloys. After 5 hours oxidation at 400 C, the overall weight gain for the AZ91 and AZ91Be60 
specimens with the surface finish by 600 grit SiC sand paper was 0.729 mg/cm2 and 0.089 mg/cm2, 
respectively. The weight gain was slightly reduced to 0.580 mg/cm2 and 0.070 mg/cm2 for the 
specimens ground with 4000 grit sand paper. The polished samples had significantly lower overall 
weight gains reduced ~6 times to 0.124 mg/cm2 for AZ91 and 0.017 mg/cm2 for AZ91Be60.  
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All the AZ91 specimens with different surface roughness had two oxidation stages: (i) the 
protective parabolic stage; and (ii) the accelerated oxidation stage, which followed power-law 
kinetics. The incubation period was ~70 min for ground samples, and this increased to ~150 min for 
the polished samples. In contrast, all the AZ91Be60 specimens showed only parabolic oxidation 
kinetics for the entire test period. In addition, Table 4 also shows that the parabolic growth rates, ܭ୮, 
of specimens polished with 0.3 μm diamond were much lower than that of the ground specimens for 
both AZ91 and AZ91Be60. 
Table 4: Best-fit parameters of the parabolic and power laws evaluated from the data in Fig. 3. 
Finish 
degree Sample Kinetics Parameters R
2 
600 grit 
SiC 
AZ91 
Parabolic (0 < t < 70 min) ܭ୔ = 1.85 × 10-3 0.90 
Power law (70 < t < 300 min) 
ܣ = 5.75 × 10-5 
0.99 ܤ = 1.56 
C = 0.30 
AZ91Be60 Parabolic (0 < t < 300 min) ܭ୔ = 2.35 × 10-5 0.98 
4000 grit 
SiC 
AZ91 
Parabolic (0 < t < 70 min) ܭ୔ = 1.04 × 10-3 0.91 
Power law (70 < t < 300 min) 
ܣ = 1.28 × 10-4 
0.99 ܤ = 1.40 
C = 0.21 
AZ91Be60 Parabolic (0 < t < 300 min) ܭ୔ = 1.35 × 10-5 0.97 
0.3 μm 
diamond 
suspension 
AZ91 
Parabolic (0 < t < 150 min) ܭ୔ = 5.11 × 10-6 0.98 
Power law (150 < t < 300 min) 
ܣ = 4.09 × 10-8 
0.99 ܤ = 2.61 
C = 0.01 
AZ91Be60 Parabolic (0 < t < 300 min) ܭ୔ = 1.29 × 10-6 0.88 
 
For the samples with the same apparent surface area, a rougher surface is associated with a larger 
surface area exposed to air for oxidation, because of additional facets related to the crests and grooves 
on the surface [27, 28, 35, 36]. In addition, the grinding crests provided sharp edges on the rougher 
surfaces. Such edges could act as preferred oxidation sites, and therefore promoted oxidation during 
the initial stage [27, 37]. Furthermore, it was also reported that the wavy geometry on the sharp edges 
significantly restrained the stresses relaxation within the oxide layer, and subsequently led to layer 
cracking and spalling at the metal/oxide interface [27, 37, 38]. Hence, the specimens ground with 600 
grit SiC sand papers had the greatest overall specific weight gains and the highest initial oxidation 
rates as shown by Fig. 3. The specimens ground with 4000 grit, with reduced surface roughness, had 
decreased the overall weight gains. However, as shown in Fig. 2, polishing the sample with 0.3 μm 
diamond suspension removed the majority of the crests and grooves on the surface, and significantly 
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decreased the surface roughness by ~10 times. As a result, the polished samples exhibited much 
smaller overall weight gains for both AZ91 and AZ91Be60. For AZ91, surface polishing also delayed 
the onset of accelerated oxidation to ~150 min from ~70 min.  
Furthermore, Fig. 3 also shows that, after 5 hours oxidation, the weight gain of all the AZ91Be60 
specimens were lower than those of the AZ91 alloys. For example, the weight gain of the AZ91Be60 
sample ground by 600 grit SiC was 0.089 mg/cm2, but it was 0.124 mg/cm2 for the AZ91 sample 
even after polishing. For Mg oxidation, the specific weight gain indicates the amount oxygen 
absorbed into the oxide layer, which is associated with contact areas of the samples with air [37]. 
Furthermore, the oxidation resistance is also closely related to the incubation period. After the 
incubation period, cracking occurs in the initially formed MgO layer, and non-protective fast 
oxidation begins [5]. Fig. 3 shows that surface polishing did increase the parabolic growth period of 
the AZ91 alloy. But, all the Be-containing AZ91 alloys, regardless of surface finish, showed parabolic 
oxidation for the entire test period. This indicates that the incubation period was greater than 300 min 
for all the AZ91Be60 samples with various surface roughness.  
These results further indicate the efficacy of Be microalloying in improving the oxidation 
resistance of Mg alloys. 
 
3.3 Microstructural analysis  
Fig. 4 shows cross-sectional TEM bright field images, the corresponding SAED patterns, and 
elemental analysis using EDS taken from the oxide layers, and high resolution TEM images of the 
oxide layers formed on AZ91 and AZ91Be60 after 2 h oxidation at 400 C in air. Figs. 4(c) and (g) 
includes the values of the calculated inter-planar distance (Cal. d) and the reference inter-planer 
distance (Ref. d) for MgO (retrieved from JCPD card no. 4-0829). 
Figs. 4(a) and (e) show the uniform, compact and crack-free oxide layers formed on AZ91 and 
on AZ91Be60 after oxidation at 400C for 2 h in air, respectively. The thickness of the oxide layer 
on each alloy was similar, within the range from 100 nm to 120 nm. The corresponding SAED 
patterns presented in Figs. 4(c) and (g) indicated that the oxide layer formed on each alloy was face 
centred cubic (FCC) MgO, although the inter-planer distance of the oxide formed on AZ91Be60 was 
~2 % larger than that formed on AZ91. The discontinuous diffraction rings indicated that the oxide 
layers were polycrystalline with nanometre-sized grains. The high-resolution TEM images in Figs. 
4(b) and (f) illustrate the nanometre scaled grains in each oxide layer. The oxide grains in the oxide 
layer on AZ91 had sizes ranging from ~15 nm to ~20 nm. The grain size was ~5 nm in the oxide layer 
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on AZ91Be60. This indicates that microalloying AZ91 with 60 ppm Be led to grain refinement of the 
oxide in the crack-free oxide layer. 
 
Figure 4: Cross-sectional TEM bright field micrographs, high-resolution images, selected area diffraction 
(SAED) patterns, and the EDS analysis of the oxide layers after 2 h oxidation at 400 C in air formed on (a-d) 
AZ91 and (e-h) AZ91Be60, respectively. The inset in Fig. 4(h) shows an obvious Be peak within the oxide layer 
on AZ91Be60. 
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Figs. 4(d) and (h) presents the EDS spectra of each oxide layer after background subtraction. The 
Mg, Al and Zn peaks for both oxide layers formed on the AZ91 and AZ9Be60 alloys were similar 
and coincided with those from the substrates, indicating that the effects of Al and Zn on the oxidation 
of both alloys were the same, and that there were similar small amounts of Al and Zn in both oxides. 
Because the present work aims to understand how the Be addition increased the oxidation resistance 
of the AZ91 alloy, and the influences of Al and Zn on oxidation behaviour of Mg alloys have already 
been widely studied [5], the effects of Al and Zn are not discussed herein. The large O peak associated 
with the oxide layer was consistent with the layer being MgO. Furthermore, Fig. 4(h) shows, at 
position of Kα = 0.108 keV, a noticeable Be peak with an approximate concentration of 3.8 at. % in 
the EDS spectrum of the oxide layer on AZ91Be60. The inset of this figure shows that the Be peak 
associated with the oxide was larger than that of the substrate. In contrast, there was no Be peak for 
the oxide and the substrate of AZ91 as presented in Fig. 4(d). Due to the inherent accuracy of the 
EDS in determining the chemical composition, there is a significant error associated with the 
concentration of Be determined by EDS in the oxide on AZ91Be60. Nevertheless, comparison of Fig. 
4(d) with Fig. 4(h) indicates enrichment of Be within the oxide layer formed on AZ91Be60, leading 
to the formation of Be-containing MgO layer.  
Many attempts were made to measure the Be distribution in the oxide using EDS, but these were 
not successful because of the low Be concentrations in trace amounts. Attempts using atom probe 
tomography (APT) were also not successful. APT is an ideal technique to measure the distribution of 
Be atoms in the oxide layer. However, because of the large difference in the evaporation temperature 
of Mg and MgO, vigorous evaporation of the Mg substrate always occurred prior to that of the MgO 
during the APT measurements, which led to the oxide layer peeling off. Thus, the preparation of APT 
specimens is a big challenge. 
The growth of the MgO oxide layer is dominated by the outward diffusion of metal cations and 
the inward diffusion of O2- anions [26]. Van Orman et al. [39] reported that the diffusion coefficient 
of the group IIA cations in MgO lattice decreased with increasing ionic radius. The ionic radius of 
Mg2+ and Be2+ cations are 0.072 nm and 0.045 nm, respectively [40]. Thus, the diffusion rate of Be2+ 
in MgO lattice is expected to be higher than that of Mg2+. In addition, as presented in Fig. 4(f) and 
(g), the oxide layer formed on AZ91Be60 was polycrystalline, which provided grain boundaries that 
could act as faster channels for ionic diffusion [24, 33]. Hence, the Be enrichment within the MgO 
layer was attributed to the faster outward diffusion of Be2+ cations through the MgO lattice and grain 
boundaries. Because of the low concentration of Be alloying in AZ91Be60, Be enrichment was 
insufficient to form a continuous BeO layer on the alloy surface. But, the outward diffusion of Mg2+ 
cations still led to the formation of a continuous MgO layer as shown in Fig. 4(e).  
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The lattice parameter, a, for MgO for each alloy was evaluated from the data of the SAED 
patterns shown in Figs. 4(c) and (g), using the following equation [41]: 
݀ ൌ ܽ√݄ଶ ൅ ݇ଶ ൅ ݈ଶ 																																																																				ሺ5ሻ 
where d is the inter-planer spacing of a crystallographic plane with Miller indices (hkl). The evaluated 
lattice parameter aMgO for MgO, and aBe-MgO for the Be-containing MgO, was 4.293 Å and 4.201 Å, 
respectively. The Be containing MgO had a the lattice parameter that was smaller by 2.14 % compared 
with that for the MgO formed on AZ91. The ionic radius of Be2+ is smaller than that of Mg2+. Hence, 
the decrease in the lattice parameter was attributed to the formation of (Mg,Be)O substitutional solid 
solution. Fig. 5 schematically illustrates the lattice distortion of the oxide due to the partial 
substitution of Mg2+ with Be2+.  
In addition, Fig. 4 shows that the enrichment of Be within the oxide layer also resulted in 
significant grain refinement of the oxide. Since Be has an affinity to oxygen higher than that of Mg 
[26], Be could promote the nucleation of oxide, leading to refined grains. 
 
Figure 5: Schematic of the lattice distortion of the (Mg,Be)O solid solution caused by the substitution of Mg2+ 
with Be2+. 
 
3.4 Elastic modulus and hardness  
Nanoindentation was used to measure the elastic modulus E and the hardness H of the initially 
formed crack-free oxide layers on AZ91 and AZ91Be60. Fig. 6 presents typical load-displacement 
(P-h) curves measured with a maximum load of 200 μN. The total indentation depth into the MgO 
layer and the (Mg,Be)O layer were 85 nm and 60 nm, respectively, indicating that the (Mg,Be)O layer 
on AZ91Be60 exhibited a higher indentation resistance than the MgO layer on AZ91. From the 
unloading curves, the displacements of elastic recovery were 14 nm for the MgO layer and 16 nm for 
the (Mg,Be)O, suggesting similar elastic deformation for each oxide layer during indentation. 
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Fig. 7 presents the evaluated values of the elastic modulus Em and hardness Hm, evaluated using 
the Oliver-Pharr procedure [29] from the P-h curves in Fig. 6. The standard deviation error bounds 
of the data points indicates the high-reproducibility of the tests with the coefficient of variation (CV) 
of 7 % of the mean. The measured elastic modulus and hardness of each oxide decreased with 
increasing indentation load (P). The measured elastic modulus, Em, and hardness, Hm, for both the 
substrate alloys were measured by the same method, and were measured to be the same: Em = 52.7 ± 
3.3 GPa and Hm = 1.2 ± 0.1 GPa. The values for the substrate alloys are represented as horizontal 
dashed lines in Fig. 7.  
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Figure 6: Typical nanoindentation load-displacement, P-h, curves for MgO on AZ91 and (Mg,Be)O on 
AZ91Be60, carried out with a maximum load of 200 μN. The (Mg,Be)O was more resistant to the indentation 
than MgO. The elastic deformation of both oxide layers was similar during indentation, as deduced from the 
similar elastic recovery. 
Fig. 7 indicates that the measured value of the elastic modulus and hardness of each oxide 
decreased with increasing indentation load for small indentation loads, P < 500 μN, attributed to the 
fact that there was an increasing contribution from the substrate with increasing load [42]. Fig. 4 
indicates that the oxide layer on each alloy was thin, ~100-120 nm. During nanoindentation, the stress 
field created by the indenter would cross the interface between the oxide layer and the substrate. 
Hence, the properties measured from the nanoindentation reflected a combination of the properties 
of the oxide and substructure, when the penetration depth was insufficiently small [42-44]. When the 
load exceeded 500 μN, the measured values of the elastic modulus and hardness of each oxide became 
constant, and were close to the properties of the substrates. This suggested that the indenter almost 
fully penetrated into the substrate, so that the measured value was that of the substrate.   
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Figure 7: The measured values of (a) elastic modulus, and (b) the hardness of each oxide as a function of 
indentation load. The elastic modulus and hardness of the substrates are presented by the dashed lines.  
A deconvolution method proposed by Jung et al. [45] was used to determine the actual values for 
the elastic modulus, E1, and hardness, H1, for the oxide layers. The measured values of Em and Hm 
can be expressed using power-law functions as follows [45]: 
ܧ୫ ൌ ܧୱ ൬ܧ୪ܧୱ൰
ଵ
ଵା஺ሺ௛ௗሻ಴ 																																																																		ሺ6ሻ 
ܪ୫ ൌ ܪୱ ൬ܪ୪ܪୱ൰
ଵ
ଵା஻ሺ௛ௗሻವ 																																																																	ሺ7ሻ 
where ܧୱ and ܧ୪ present the elastic modulus of the substrate and oxide layer, respectively; ܪୱ and ܪ୪ 
are the hardness of the substrate and oxide layer, respectively; h is the indentation depth; d is the 
oxide layer thickness; and A, B, C and D are adjustable coefficients. Both equation (6) and (7) satisfy 
the essential boundary conditions: (i) when ݄/݀  → 0, ܧ୫ ൌ ܧ୪  and ܪ୫ ൌ ܪ୪  , i.e. for small 
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penetrations the measured values tend to those of the oxide layer; (ii) when ݄/݀ → ∞, ܧ୫ ൌ ܧୱ and 
ܪ୫ ൌ ܪୱ, i.e. for large penetrations the values represent the properties of the substrate alloys. 
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Figure 8: The values of the (a) elastic modulus; and (b) the hardness of each oxide as a function of the relative 
indentation depth h/d. The solid curves were best fit of equations (6) and (7). The E and H values for the alloy 
substrates are represented by the dashed lines. The oxide properties are derived from the curves at h/d→ 0. 
Fig. 8 presents the measured values of the elastic modulus Em and the hardness Hm as a function 
of the relative indentation depth	݄/݀. The measured values of the elastic modulus and hardness of the 
oxides decreased with increasing relative indentation depth, asymptotically approaching the values 
of the substrate of ܧୱ = 52.7 ± 3.3 GPa and ܪୱ = 1.2 ± 0.1 GPa. The solid curves through the measured 
data were the best-fit to equations (6) and (7) for each data set. These simulation curves derived ܧ୪ = 
76.7 GPa and ܪ୪ = 1.5 GPa for MgO, and ܧ୪ = 75.1 GPa and ܪ୪ = 4.1 GPa for (Mg,Be)O.  
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These values indicated that the Be enrichment (i) provided a small effect on the elastic modulus 
of the oxide layer, but (ii) did significantly increase the hardness. The elastic modulus is considered 
inherently related to the atomic bonding energy [46, 47], which was evidently not changed 
significantly by the low Be concentration. However, Be2+ partially substituted Mg2+ within the oxide 
and formed a (Mg,Be)O solid solution, as shown in Fig. 5. Similar to that in metallic solid solutions, 
the substitutional and/or interstitial atoms within the ceramic solid solutions can cause lattice 
distortions that inhabit dislocation movement, resulting in significant solid solution hardening [48-
51]. Hence, the (Mg,Be)O layer exhibited a hardness larger than that of the MgO layer. The higher 
hardness of the (Mg,Be)O also indicated a significantly higher resistance to cracking. 
 
3.5 Nanoscratch test  
Nanoscratch tests were conducted to further characterise the mechanical properties of the oxide 
layers of AZ91 and AZ91Be60. Fig. 9 shows typical scratch curves during a linear loading test, as 
presented by the lateral and normal forces as a function of the lateral displacement. For both oxides, 
the lateral force, which reflected the resistance of the oxide to the lateral movement of the scratcher 
tip, increased with increasing normal force over the entire scratching process. With increasing normal 
force, there was initially a relative steady stage, followed by a fluctuation stage. The letters “A” and 
“B” mark the separation of the two stages for MgO and (Mg,Be)O, respectively. The initial steady 
stage was associated with a relatively low normal force, and a relatively uniform deformation of the 
oxide [52]. The lateral force fluctuated significantly at the later stage of scratching, which might be 
attributed to the failures of the oxide layer, including delamination, debonding, cracking, fracture or 
breakthrough at the layer/substrate interface [53]. Hence, the corresponding normal force at the onset 
of the fluctuation stage is generally considered as the critical scratch force for the failure of an oxide 
layer [52-54]. In this case, Fig. 9 shows that the critical scratch force was 296 μN for MgO and 413 
μN for (Mg,Be)O. The (Mg,Be)O layer exhibited a much higher strength than the MgO layer, 
indicating a much higher resistance to cracking. 
The scratch tests with constant loading were carried out on the two oxide layers at a normal force 
of 100 μN. The average normal penetration depths into the MgO oxide layer on AZ91 and the 
(Mg,Be)O oxide layer on AZ91Be60 were 64 nm and 44 nm, respectively. Because the thicknesses 
of the oxide layers were over 100 nm as presented in Fig. 4(a) and (e), these tests were accomplished 
within the oxide layer of each alloy. Fig. 10 shows typical curves during constant load test, as 
presented by the lateral force versus the lateral displacement over the entire scratch length. The 
average lateral force on each oxide layer was relatively constant: ~26 μN for the MgO layer and ~41 
μN for the (Mg,Be)O layer. The lateral force was relatively constant with small fluctuations for the 
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entire scratch on each alloy. The small fluctuations are attributed to surface roughness and 
inhomogeneity of each oxide layer [55]. Because the normal force (100 N) was below the critical 
scratch force of each layer, as shown in Fig. 9, both oxide layers were expected to be free of failures 
such as delamination and cracking. The higher lateral force related to the (Mg,Be)O layer than the 
MgO layer was attributed to the higher strength of the (Mg,Be)O layer, and the higher resistance to 
cracking. 
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Figure 9: Nanoscratch curves of the oxide layers on AZ91 and AZ91Be60 with normal loading ranging from 
0 to 1000 μN. The critical scratch force was 413 N and 296 N for the (Mg,Be)O layer and the MgO layer, 
respectively. 
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Figure 10: The constant loading scratch test results showing the lateral force as a function of the lateral 
displacement over the entire scratch process with a constant normal force of 100 μN. The average lateral 
forces for scratching the MgO layer and the (Mg,Be)O layer were ~26 μN and ~41 μN, respectively. 
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The increase in the strength of the (Mg,Be)O layer was attributed to both solid solution 
strengthening of Be and the grain refinement strengthening resulting from the finer oxide grains. The 
lattice distortion within the (Mg,Be)O created local stress fields, which effectively impeded the 
movement of dislocations, causing the increase in the layer strength. The refined oxide grains in the 
(Mg,Be)O layer were accompanied with more grain boundaries that acted as barriers for dislocation 
movement, thus causing the increase in strength and fracture toughness [50, 56-58]. As a result, the 
(Mg,Be)O layer exhibited higher resistance to cracking and debonding. 
 
3.6 Influence of the (Mg,Be)O layer  
The high temperature oxidation resistance of Mg alloys is mainly governed by the protective 
capability of the surface oxide layer [5, 26]. Layer cracking and debonding have been considered as 
the main factors leading to accelerated oxidation, ignition and burning of Mg alloys [7-9]. Fig. 11 
provides a schematic evolution of the oxide layer on Mg alloys at high temperatures. Due to the high 
affinity to oxygen, Mg alloys are easily oxidized and form a thin MgO layer on the surface as 
presented in Fig. 11(a). The initially formed thin MgO layer is considered as a protective barrier and 
isolates the substrate from the oxygen in the atmosphere [5]. Thus, at the initial stage, the oxidation 
is mainly controlled by the ionic diffusion of Mg2+ and the oxidation follows parabolic kinetics as 
shown in Fig. 1(a). Because the P-B ratio of MgO is 0.81, the MgO layer is regarded as an incompact 
structure with internal tension stresses in the layer [5, 13, 26]. In addition, at high temperatures, the 
evaporation of Mg is significantly intensified [59]. Thus, as oxidation progresses, thickening of the 
oxide layer and the evaporation of the underlying Mg increase the internal stresses in the oxide layer 
[60], leading to layer cracking, as illustrated in Fig. 11(b). Such cracks can act as fast transportation 
channels for the outward diffusion of Mg vapour and the inward penetration of oxygen, leading to 
the formation of fresh oxide at the layer/substrate interface, within the layer and at the outer surface 
[9]. The vigorous Mg vaporisation and the formation of fresh oxide causes interfacial debonding 
failure of the initially formed MgO layer [5, 9]. As a result, the morphology of the initially formed 
MgO layer changes to oxide ridges as illustrated in Fig. 11(c). The occurrence of cracks and 
debonding failure within the MgO layer were considered to represent the end of the protective 
incubation period [7, 9, 10]. With the increase in the density of cracks within the layer, the oxidation 
follows power-law kinetics with an accelerating rate as shown by the oxidation kinetics of the AZ91 
in Fig. 1(a). As oxidation continues, Mg vapour can easily penetrate through the open cracks to the 
oxide-air interface, react with oxygen, and forming MgO nodules as illustrated in Fig. 11(d). 
The present results indicated that the surface enrichment of Be during oxidation significantly 
reinforced the initially formed oxide layer through forming a fine-grained (Mg,Be)O solid solution. 
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Such reinforcement provided a significant improvement in the hardness and the strength of the oxide 
layer. Hence, during high temperature oxidation, cracking and debonding of the (Mg,Be)O layer was 
effectively delayed due to its higher strength, and higher crack resistance. As a result, the Mg vapour 
diffusion was significantly retarded, and the oxidation was predominately controlled by the outward 
diffusion of Mg2+ cations through (Mg,Be)O lattice and along grain boundaries, which are relatively 
slow processes compared with the fast Mg evaporation [7]. Hence, the oxidation incubation period 
was effectively extended, resulting in the high oxidation resistance as shown in Fig. 1(a).  
Moreover, the fine-grained (Mg,Be)O provided more grain boundaries, which may promote the 
outward diffusion of Mg2+, leading to faster parabolic oxidation rate of the Be-containing AZ91. 
However, as shown in Fig. 1(a) and Table 2, the ܭ୮ value of AZ91Be60 (1.10 × 10-6) was ~4 times 
smaller than that of AZ91 (4.57 × 10-6). The slower parabolic oxidation rate of the AZ91Be60 could 
be attributed to the REE of Be [19, 24]. The Be2+ might segregate along the grain boundaries of the 
(Mg,Be)O, inhibiting the outward diffusion of the Mg2+, and thereby decreased the growth of the 
oxide at the initial stage. Experimental evidence is required to test this hypothesis. 
 
Figure 11: Schematic illustration of the evolution of the oxide layer on Mg alloys at high temperatures. (a) A 
thin MgO layer forms on the metal surface at the initial oxidation stage; (b) Thickening of the oxide layer and 
the underlying Mg vaporisation increase the internal stress within the oxide layer, leading to layer cracking; 
(c) The oxide ridges forms due to the interfacial debonding failure of the initially formed MgO layer; (d) Mg 
vapour diffuses through the cracks; the reaction with oxygen, and the deposition of the MgO leads to the 
nodular growth.  
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4. Conclusion 
i. Microalloying 60 ppm (wt) Be led to a significant decrease in the oxidation rates of AZ91, and 
significantly increased the incubation period. 
ii. The decrease of oxidation rates by microalloying with Be was attributed to the reinforcement of 
the initially formed oxide layer on the alloy surface by (i) Be enrichment to form a (Mg,Be)O 
solid solution, and (ii) the smaller grain size of gains of the (Mg,Be)O solid solution. 
iii. Compared with the MgO layer formed on the AZ91 alloy, the fine-grained (Mg,Be)O layer over 
the AZ91Be60 alloy exhibited higher mechanical strength, and crack resistance. 
iv. During high temperature oxidation, the fine-grained (Mg,Be)O layer provided sufficient strength 
and crack resistance against the internal stress and Mg vaporisation, and therefore delayed the 
occurrence of layer cracking and debonding. Hence, the oxidation incubation period was 
effectively extended, resulting in the achievement of high oxidation resistance. 
v. Decreasing surface roughness decreased the initial oxidation rates of both AZ91 and AZ91Be60, 
and somewhat increased the incubation period for AZ91. 
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Chapter 6 The efficiency of Be in improvement of oxidation resistance 
of various Mg alloys 
6.1 Chapter overview 
 
This chapter investigates the effect of microalloying of Be on the high temperature oxidation 
resistance of various Mg alloys, including Mg-Zn, Mg-RE, Mg-Sn, and Zr, Si, Cu, and Mg-containing 
Mg systems. The mechanical properties of the oxide layers formed on these alloys were characterized 
to further validate the oxide reinforcement model proposed in Chapter 5. 
First, the effect of Be on the oxidation resistance of a number of cast Mg alloys, including Mg-
2Zn, Mg-2Sn, Mg-2Y, AS21, AM60, ZK20, and ZC63 were evaluated by (i) characterizing the 
isothermal oxidation kinetics determined using TGA, (ii) examining the surface morphologies after 
long-term furnace oxidation tests, and (iii) determining the ignition temperatures. Then, to correlate 
the protective efficiency of the oxide layers with their mechanical strength, the hardness of each 
initially formed oxide layer was characterized using nanoindentation. Microalloying with Be 
exhibited a high efficiency in improving the oxidation resistance of Mg-2Zn, Mg-2Sn, AS21, and 
ZC63. However, Be addition had little effect on the oxidation resistance of ZK20, AM60 and Mg-
2Y. The nanoindentation results demonstrated that the oxidation resistance of Mg alloys was closely 
related to the strength or hardness of the initially formed oxide layer. The oxide reinforcement model 
for the high oxidation resistance of Mg alloys was validated in all the alloys studied in the present 
work. Details on this work are fully presented in Paper 4 in section 6.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
132 
 
6.2 Associated paper: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Paper 4 
 
Generalisation of the oxide reinforcement model for the high oxidation resistance of 
some Mg alloys micro-alloyed with Be  
Qiyang Tan1, Ning Mo1, Chih-Ling Lin1, Yitian Zhao1, Yu Yin1, Bin Jiang2, Fusheng Pan2, Andrej 
Atrens1, Han Huang1 and Ming-Xing Zhang1,* 
1 School of Mechanical and Mining Engineering, The University of Queensland, St. Lucia, QLD 
4072, Australia 
2 College of Materials Science and Engineering, Chongqing University, Chongqing, 400030, 
China 
*Corresponding author: mingixng.zhang@uq.edu.au, +61733468709 
 
Submitted to Corrosion Science 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
133 
 
Generalisation of the oxide reinforcement model for the high oxidation resistance of some Mg alloys 
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Atrens1, Han Huang1 and Ming-Xing Zhang1,* 
1 School of Mechanical and Mining Engineering, The University of Queensland, St. Lucia, QLD 
4072, Australia 
2 College of Materials Science and Engineering, Chongqing University, Chongqing, 400030, 
China 
Abstract 
The present work studied how Be influenced the high-temperature oxidation resistance of various 
Mg alloys. Microalloying with Be effectively lowered the oxidation rate at 500 C and increased the 
ignition temperatures of as-cast Mg-2Zn, Mg-2Sn, AS21, and ZC63. However, Be addition had little 
effect on the oxidation resistance of as-cast ZK20, AM60 and Mg-2Y. The nanoindentation results 
demonstrated that the present results can be well understood and explained using the recently 
proposed oxide layer reinforcement model for the oxidation of Mg alloys, which indicates that 
oxidation resistance is related to the mechanical strength of the oxide layer formed during oxidation.  
Keywords: A. Magnesium; A. Alloys; B. TEM; C. Oxidation; 
 
1. Introduction 
The attention on energy and fuel conservation has resulted in an increasing demand of 
magnesium (Mg) alloys in automotive and aerospace industries due to their low density and high 
specific strength [1-4]. However, one bottleneck issue that restricts the more widespread application 
of Mg alloys is their low oxidation resistance at elevated temperatures [5-7]. Because of their high 
affinity to oxygen, Mg alloys are easily oxidized, leading to the formation of MgO layer on the surface 
in an oxygen-containing atmosphere [5]. Due to the low Pilling-Bedworth ratio (ܴ୔୆) of MgO (0.81), 
the MgO layer is expected to have an incompact structure with internal tension stresses [5, 8, 9]. 
Hence, the thin MgO layer can only provide some protection for the substrate from further oxidation 
at room or at relatively low temperatures, because both the ionic diffusion rate of Mg2+ and the defect 
density in the thin MgO layer are low at low temperatures [5, 10, 11]. However, at temperatures 
higher than 400 to 450 C, depending on the alloy composition, (i) thickening of the MgO layer, and 
(ii) vigorous Mg evaporation simultaneously increase the internal stress within the oxide layer, 
resulting in oxide layer cracking and debonding [5, 12, 13]. As oxidation continues, catastrophic 
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oxidation occurs followed by eventual ignition. Hence, significant surface degradation and even fires 
occur during the long-term exposure of Mg alloys in air during high-temperature manufacturing 
processes, such as casting, moulding, hot rolling, welding and heat treatment [7, 14, 15]. 
The oxidation resistance of Mg alloys also depends on their chemical composition. Most alloying 
elements, such as Al, Zn, Cu, and Mn, decrease the oxidation resistance and the ignition temperature, 
because these solutes lower the solidus temperature and/or can react with Mg to form micro-
constituents with relatively-low melting temperatures [5, 16-18]. Some alloying elements, such as 
calcium (Ca), rare earth elements (RE), strontium (Sr), and beryllium (Be), improve the oxidation 
resistance of Mg alloys by forming a compact, continuous, and protective oxide layer on the surface 
[5, 19]. Several studies have verified that a small addition of Be dramatically increases the oxidation 
resistance of pure Mg and AZ91 [20-24]. Houska [20] reported a 200 C increase in the ignition 
temperature of pure Mg containing 10 ppm (wt) Be. Zeng and co-workers [21, 22] found that AZ91 
containing 0.3 wt.% Be could be melted directly in air without burning. Czerwinski [23] reported a 
decrease in the oxidation rate of AZ91 at 487 C due to microalloying with 10 ppm (wt) Be.  
Our recent work [25-27] further confirmed that the microalloying with 60 ppm (wt) Be 
significantly improved the oxidation resistance of cast AZ91, in terms of decreasing the oxidation 
rates at both 400 C and 450 C, and increasing the ignition temperature. Furthermore, we showed 
that this improvement could be attributed to the reinforcement of the initially formed (Mg,Be)O oxide 
layer on the Mg alloy surface due to the Be enrichment. The model showed that the (Mg,Be)O oxide 
layer had higher strength, as shown by its higher hardness, which was able to delay the cracking of 
the surface layer, and thereby improve the oxidation resistance of the Mg alloy [27]. 
However, almost all previous studies focused on either pure Mg or AZ91. It is unknown whether 
Be addition can form a (Mg,Be)O oxide layer on the surface of other Mg alloys with improved 
mechanical strength, and thereby improve the oxidation resistance of the Mg alloys, such as Mg-Zn, 
Mg-RE, Mg-Sn, and Zr, Si, Cu, and Mn-containing Mg systems. The present work thus aimed to (i) 
investigate the effect of microalloying of Be on the high temperature oxidation resistance of a number 
of cast Mg alloys, including Mg-2Zn, Mg-2Y, Mg-2Sn, AS21, AM60, ZK20 and ZC63, (ii) 
characterise the mechanical properties of the oxides formed on these alloys, and (iii) relate the 
mechanical properties of the oxides formed during high temperature oxidation to the oxidation 
behaviour of these Mg alloys. The results will be used to further study the reinforcement effect of Be 
for the surface oxide layers on Mg alloys. 
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2. Experimental Methods 
2.1 Alloy preparation 
Mg alloys, Mg-2Zn, Mg-2Y, Mg-2Sn, AS21, AM60, ZK20, and ZC63, with and without Be, 
were prepared using commercially pure Mg, Al, Zn, Sn, and Cu, and commercially available Mg-25 
wt.% Y, Mg-30 wt.% Zr, Mg-10 wt.% Mn, Al-50 wt.% Si, and Al-5 wt.% Be master alloys. To 
produce each Mg alloy, the pure Mg metal was first melted at 740 C in a steel crucible in an electric 
resistance furnace, under the protection of a shielding gas of 1 vol. % SF6 - 49 vol.% CO2 - 50 vol.% 
dry air. Then the proper amount and type of the other pure metal or master alloy was added into the 
Mg melt to make the required alloy. The melt was held isothermally at 740 C for 20 minutes to 
ensure the complete dissolution of all the alloying elements and the homogenization of the melt. The 
melt was then cast into a steel mould that was preheated at 200 C. The nominal Be concentration for 
each Be-containing alloy was 100 ppm (wt), which has long been considered as the maximum 
acceptable Be content in Mg alloys [21, 22, 28, 29]. Be was added as the Al-5wt% master alloy, so 
that alloying with Be also introduced some Al into the alloy. Table 1 lists the chemical compositions 
of the alloys, which were measured using inductively coupled plasma (ICP) emission spectroscopy. 
The actual Be contents were less than the nominal content, indicating that some amount of Be was 
lost in the process of alloy production. 
Table 1: Chemical compositions of the alloys (wt. % or wt. ppm) carried out using inductively coupled plasma 
- atomic emission spectrometer (ICP-AES). 
Alloy Mg  Al  Zn  Zr  Si  Cu  Mn  Y  Sn Be ppm 
Be ppm 
(Nom.) 
Mg-2Zn Bal. 0.01 2.04 <0.01 0.01 <0.01 0.02 <0.01 <0.01 < 1 0 
Mg-2Zn-Be Bal. 0.19 2.11 <0.01 0.01 <0.01 0.02 <0.01 <0.01 58 100 
Mg-2Sn Bal. 0.01 0.01 <0.01 0.01 <0.01 0.02 <0.01 2.12 < 1 0 
Mg-2Sn-Be Bal. 0.19 0.01 <0.01 0.01 <0.01 0.02 <0.01 1.95 53 100 
Mg-2Y Bal. 0.01 0.01 <0.01 0.01 <0.01 0.02 1.51 <0.01 < 1 0 
Mg-2Y-Be Bal. 0.19 0.01 <0.01 0.01 <0.01 0.02 1.57 <0.01 39 100 
AS21 Bal. 1.42 0.01 <0.01 0.28 <0.01 0.02 <0.01 <0.01 <1 0 
AS21Be Bal. 1.25 0.01 <0.01 0.31 <0.01 0.02 <0.01 <0.01 49 100 
AM60 Bal. 5.90 0.01 <0.01 0.01 <0.01 0.31 <0.01 <0.01 <1 0 
AM60Be Bal. 6.28 0.01 <0.01 0.01 <0.01 0.31 <0.01 <0.01 61 100 
ZK20 Bal. <0.01 2.09 0.30 0.01 <0.01 0.02 <0.01 <0.01 <1 0 
ZK20Be Bal. 0.16 2.26 0.02 0.01 <0.01 0.02 <0.01 <0.01 16 100 
ZC63 Bal. 0.01 5.81 <0.01 0.02 2.70 0.01 <0.01 <0.01 <1 0 
ZC63Be Bal. 0.18 6.23 <0.01 0.02 3.15 0.01 <0.01 <0.01 37 100 
 
2.2 Oxidation evaluation 
The oxidation behaviour was evaluated by (i) thermogravimetric analysis (TGA) in a NETZSCH 
STA409 apparatus; (ii) examining the surface morphologies after long-term oxidation in a furnace; 
and (iii) determining the ignition temperature of each alloy.  
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The TGA allowed characterization of the oxidation kinetics of each alloy through determination 
of the relationship between the weight gain and oxidation time. 10 ×10 × 3 mm block samples were 
cut from the cast ingots, mechanically polished with 0.3 μm diamond suspension and degreased in 
ethanol. The TGA test was performed at 500 C in air (i) for 5 hours to determine the oxidation 
resistance of each alloy; and (ii) for 10 minutes to produce crack-free oxide layers for the 
nanoindentation tests.  
The furnace oxidation test provided visual characterization of the long-term oxidation behaviour 
of each alloy. 12 × 12 × 10 mm block samples were cut from the same ingots. After mechanically 
polishing with 4000 grit SiC sand paper and degreasing ethanol, the oxidation test was conducted in 
a box furnace in air at 500 C for 72 hours. Additional furnace oxidation tests at 400 C and 450 C 
were carried out for ZC63 and ZC63Be as these two alloys were partially melted at 500 C due to the 
formation of the Mg-CuMgZn eutectic micro-constituent in these alloys. The macroscopic surface 
morphologies of the oxidized specimens were examined and recorded using a digital camera.  
20 × 20 × 15 mm block specimens with the surface finish by 4000 grit SiC sand paper were used 
to determine the ignition temperatures. The blocks were heated in a steel crucible in an electric 
resistance furnace at a rate of 5 C/min from room temperature. The specimen temperature was 
continuously recorded using a K-type thermocouple placed in a small hole drilled into the centre of 
each specimen. The ignition temperature was identified at the sharp increase in the specimen 
temperature, which was caused by the drastic heat emission when the Mg started burning. Each 
oxidation test was repeated for at least 3 times, and the reproducibility of the TGA and ignition tests 
was evaluated using the coefficient of variation (CV). 
 
2.3 Microstructural characterization 
A JEOL 7001 field emission scanning electron microscope (FESEM), equipped with energy 
dispersive spectroscopy (EDS), was used to examine the microstructures of (i) the as-cast alloys, and 
(ii) the alloys after the TGA oxidation at 500 C for 5 hours. A Hitachi HT7700 transmission electron 
microscope (TEM), operated at an acceleration voltage of 120 kV, was used to examine the cross-
section of the oxide layer on the Mg-2Zn surface after 10-minute isothermal oxidation at 500 C. A 
diffraction pattern of the oxide layer was obtained by the selection area diffraction (SAED) technique 
in the TEM. The TEM foil was prepared in a FEI Dual FIB/SEM-SCIOS focused ion beam (FIB) 
milling system. The oxidized sample was carbon coated prior to milling in order to prevent sample 
charging in the FIB milling system. 
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2.4 Nanoindentation 
The hardness H of the initially formed oxide layers were characterized using nanoindentation. A 
Hysitron TI900 Triboindenter® equipped with a Berkovich diamond indenter (tip radius = 100 nm) 
was used to carry out the nanoindentation tests on (i) surfaces of the specimens after 10 minutes of 
oxidation at 500 C in air, and (ii) substrates of the same specimens. Measurements were conducted 
using a load control mode, in which the load was gradually increased to a pre-set peak value in the 
range of 50 to 2500 μN. After maintaining at the peak value for 2 seconds, the load was released. For 
each loading protocol, the test was repeated for at least 3 times, and the reproducibility was assessed 
based on the coefficient of variation, CV. The load-displacement (P-h) curves were recorded using a 
PC controlled data acquisition system, which are used to calculate the hardness H through the Oliver-
Pharr procedure [30]. Atomic force microscopy (AFM) was used to select a smooth area for each 
indentation. 
 
3. Results 
3.1 Composition and as-cast microstructure 
Table 1 indicates that, except for ZK20Be, all Be-containing alloys had actual Be contents 
ranging from ~40 to ~60 ppm (wt). ZK20Be contained 16 ppm (wt) and a negligible Zr content of 
only 0.02 wt.% compared with 0.30 wt.% Zr in ZK20. This suggested that Be is incompatible with 
Zr in castings of Mg alloys. The previous study [31] suggested that the maximum acceptable Be 
concentration in a Mg-Zr alloy was 5 ppm (wt), because Be significantly reduced the solubility of Zr 
in liquid Mg due to the chemical reaction of Be with Zr, forming a  Zr-Be compound that has a melting 
temperature higher than 1200 C. This indicated that, during the casting in the present work, Be 
reacted with Zr and formed compounds that sank to the bottom of the Mg melt, resulting in the 
reduction in Be content in ZK20Be. 
Fig. 1 presents the FESEM microstructures of the as-cast Mg alloys. Each Mg alloy was 
composed of an α-Mg matrix and intermetallic compounds distributed along the grain boundaries of 
the α-Mg or in between the branch arms of the -Mg dendrites. The intermetallic compounds, as 
marked in the figures, were identified based on the EDS analyses and previous studies [32-41]. 
Alloying with Be did not noticeably change the microstructures of any of the as-cast alloys except 
for Mg-2Y-Be, for which Fig. 1(f) shows that fine Al2Y particles formed in addition to Mg24Y5. This 
is attributed to a chemical reaction between Y and the redundant Al (0.19 wt.%, shown in Table 1) 
that was introduced by the Al-5 wt.% Be master alloy during the casting process. For all the Be-
containing alloys, Be was not detected by EDS because of its low concentration.  
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Figure 1:  FESEM microstructures of as-cast (a) Mg-2Zn, (b) Mg-2Zn-Be, (c) Mg-2Sn, (d) Mg-2Sn-Be, (e) 
Mg-2Y, (f) Mg-2Y-Be, (g) AS21, (h) AS21Be, (i) AM60, (j) AM60Be, (k) ZK20, (l) ZK20Be, (m) ZC63, and (n) 
ZC63Be. Alloying with Be did not significantly change the as-cast microstructure of all studied alloys.  
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3.2 TGA oxidation  
Fig. 2 shows the variations of weight gains of all studied alloys with oxidation time determined 
using the TGA at 500 C. The standard deviation error bounds of the data points in Fig. 2(a-g) 
indicated a good reproducibility of the tests, with the CV of 19 % of the mean value. 
The isothermal oxidation data indicated two oxidation stages: (i) the initial parabolic stage, and 
(ii) the accelerated oxidation stage. The initial parabolic stage was considered as an oxidation 
incubation period, which was closely related to the oxidation resistance of Mg alloys [5, 27]. Within 
the incubation period, the MgO layer was expected to be crack-free, and therefore provided protection 
for the Mg-alloy substrate from further oxidation [11, 23, 42]. In contrast, during the accelerated 
oxidation stage, the oxide layer was expected to be non-protective, and the oxidation followed either 
linear or power-law kinetics [5, 10, 27]. The onset of accelerated oxidation was associated with the 
cracking of the MgO layer, which was caused by the increase in the internal stress within the layer 
[11, 26, 42]. To clearly show the incubation periods of some studied alloys, the data in Fig. 2(a-g) 
were replotted in Fig. 2(h) with a small Y-axis scale. The standard deviation error bounds were 
omitted in Fig. 2(h) to avoid excessive data overlap. The two stages of oxidation kinetics are clear for 
most of the alloys in Fig. 2(h), and the incubation period can be measured. The values of the 
incubation period for each alloy are presented in Fig. 3. The prefix “>” in Fig. 3 indicates that the 
oxidation tests were terminated within the incubation period. 
The most effective influence of Be addition was in ZC63. ZC63 exhibited the most rapid 
oxidation rate at 500 C among all studied alloys, as shown in Figs. 2(g) and (h). The incubation 
period of ZC63 was 15 minutes and the overall weight gain was ~43 mg/cm2 after oxidation for 5 
hours at 500 C. Alloying with Be led to an increase in the incubation period of ZC63Be by 10 times 
to ~150 minutes, and a significant reduction in the overall weight gain by ~45 times to 0.94 mg/cm2. 
Similarly, addition of Be extended the incubation period of ZK20Be to 60 minutes, and also reduced 
its overall weight gain by ~3 times to 1.28 mg/cm2 compared with ZK20. But, the relatively short 
incubation periods of the ZC63Be and ZK20Be alloys indicated insufficient protection of both alloys 
by the surface oxide layers and the occurrence of oxide layer cracking [27]. As discussed above, the 
chemical reaction of Be with Zr consumed the majority of Be in the ZK20Be, lowering the efficiency 
of Be in improving the oxidation resistance. The intrinsic poor oxidation resistance of Zn-containing 
Mg alloys may be responsible for the low oxidation resistance of ZC63Be, even though the Be 
addition significantly improved the incubation period. 
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Figure 2:  The TGA measurements of the average specific weight gain versus time for (a) Mg-2Zn and Mg-
2Zn-Be, (b) Mg-2Sn and Mg-2Sn-Be, (c) Mg-2Y and Mg-2Y-Be, (d) AS21 and AS21Be, (e) AM60 and AM60Be, 
(f) ZK20 and ZK20Be, and (g) ZC63 and ZC63Be at 500C for 5 hours; and (h) details of the early oxidation 
stages of all studied alloys with small Y-axis scale. 
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Figure 3:  The oxidation incubation periods of all studied alloys from Fig. 2h. 
In comparison, oxidation of Mg-2Zn-Be, Mg-2Sn-Be, and AS21Be followed parabolic kinetics 
for the entire oxidation test period. Their overall weight gains were reduced to ~0.2 mg/cm2 from 
3.28 mg/cm2, 0.47 mg/cm2 and 0.41 mg/cm2 after oxidation for 5 hours at 500C, as shown in Figs. 
2 (a), (b) and (d), respectively. This indicates a high efficiency of Be in improving the oxidation 
resistance of these alloys.  
In contrast, there was no perceivable difference in oxidation kinetics between the AM60 and the 
AM60Be alloys as shown in Fig. 2(e). Compared with the AM60, the Be addition only slightly 
extended the incubation period of the AM60Be by ~5 minutes, and reduced its overall weight gain 
by only ~5 %. This implied that alloying with Be was ineffective in improving the oxidation resistance 
for the AM60. This is attributed to the Al-Mn intermetallic compounds formed in the alloy. More 
details are discussed in Section 4.  
The oxidation kinetics of Mg-2Y and Mg-2Y-Be also showed marginal difference within the test 
period as shown in Fig. 2(c) and Fig. 3. Both alloys exhibited parabolic oxidation kinetics throughout 
the entire oxidation period, and their overall weight gains were ~0.2 mg/cm2. This is related to the 
high efficiency of Y in improvement of the oxidation resistance of Mg alloys [5, 43, 44]. 
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3.3 Microstructure after TGA oxidation 
Fig. 4 presents the microstructures of all each alloy after the TGA oxidation test. Compared with 
the as-cast microstructures in Fig. 1, the intermetallic compounds in Mg-2Zn, Mg-2Zn-Be, Mg-2Sn, 
Mg-2Sn-Be, ZK20 and ZK20Be were almost fully dissolved into the α-Mg after oxidation at 500 C 
for 5 hours. In the alloys containing Y, Si, and Mn, there were still undissolved intermetallic 
compounds, such as Mg24Y5 [41, 45], Al2Y [41], Mg2Si [1] and Al-Mn [46] phases within the α-Mg 
grains and/or along the grain and dendritic boundaries of the α-Mg due to the high thermal stability 
of these compounds. This dissolution of the secondary phases was attributed to the influence of the 
elevated temperature (500 C) and holding time, as the relevant phase diagrams [47] indicate that the 
alloying elements Al, Zn, Sn, Y and Mn, in the concentrations used, would be expected to be in solid 
solution in the α-Mg in equilibrium at 500 C, whereas the approach to equilibrium can be slow. The 
Mg-Si phase diagram indicates that Si has low solubility at all temperatures, so that it is not possible 
to dissolve the Mg2Si intermetallic. 
Figs. 4(m) and (n) show that, in ZC63 and ZC63Be, a number of spherical eutectic micro-
constituents formed within the α-Mg grains, suggesting overheating for both alloys at 500 C within 
the oxidation period [48]. In addition, there were large, continuous, and porous oxidized regions along 
the grain boundaries in ZC63 as shown in Fig. 4(m). The EDS result showed that the approximate 
chemical composition of the oxide was 59 at.% O, 41 at.% Mg, 0.16 at.% Cu and 0.20 at.% Zn. Thus, 
the oxide can be regarded as MgO. The sites of MgO were highly like the Mg-CuMgZn eutectic 
micro-constituents with low melting temperature of 465 C, as shown in Fig. 1(m) [49]. Oxidation at 
500 C led to the melting of such eutectic micro-constituents, facilitating Mg vaporisation, and then 
resulting in the preferentially oxidation along the grain boundaries [11, 49]. However, in ZC63Be, 
the Be addition increased the protective efficiency of the oxide layer (details are discussed in Section 
4), which prevented the Mg vaporisation and the oxygen diffusion into the substrate. Hence, no 
noticeable oxidized region was detected by the EDS. The spherical eutectic micro-constituents in 
both ZC63 and ZC63Be also resulted from the localized melting at 500 C within the alloys, which 
transformed to the eutectic structure upon cooling. Because they were inside the grains, where no 
oxygen diffusion channel existed, the local melt “pools” were not oxidized. 
143 
 
 
Figure 4:  FESEM microstructures of (a) Mg-2Zn, (b) Mg-2Zn-Be, (c) Mg-2Sn, (d) Mg-2Sn-Be, (e) Mg-2Y, (f) 
Mg-2Y-Be, (g) AS21, (h) AS21Be, (i) AM60, (j) AM60Be, (k) ZK20, (l) ZK20Be, (m) ZC63, and (n) ZC63Be 
after the TGA oxidation at 500 C. 
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3.3 Furnace oxidation  
To investigate the long-term oxidation behaviours of the studied alloys, an oxidation test was 
conducted at 500 °C in air in a box furnace for a period of 72 hours. Fig. 5 shows typical macrographs 
of the alloys after furnace oxidation. Fig. 5(a) indicates that the long term oxidation behaviour of cast 
Mg alloys was closely related to their chemical composition. The protective efficiency by Be addition 
also varied with alloying. There was significant surface degradations for Mg-2Zn, Mg-2Sn, and AS21 
even after removing the surface oxide. In contrast, there was no noticeable oxidation on surfaces of 
Mg-2Zn-Be, Mg-2Sn-Be, and AS21Be. 
 
 
Figure 5: The macroscopic images of (a) all studied alloys after furnace oxidation in air at 500 C for 72 
hours; and additional 72-hour furnace oxidation tests at (b) 400 C, and (c) 450 C for ZC63 and ZC63Be. 
Both Mg-2Zn-Be, Mg-Sn-Be, Mg-2Y, Mg-2Y-Be, and AS21Be exhibited high resistance to the long-term 
oxidation at 500 C. Be addition provided insufficient protection for the ZK20Be and ZC63Be, and was 
inefficacious for the AM60Be. 
Compared with ZK20, ZK20Be also showed less oxidation even though there were large oxide 
nodules formed on the alloy surface. The oxide nodules formed as a result of outward diffusion of 
Mg vapour through the cracks within the oxide layer, and subsequent chemical reaction with oxygen 
at the oxide-air interface, and an outward growth of MgO [5, 11, 50]. Further oxidation could lead to 
the coalescence of the nodules, and then the formation of a loose oxide layer [11, 26, 42]. Hence, the 
exposed oxide nodules are normally used as an indication of accelerated oxidation of Mg after layer 
cracking. This result indicated the insufficient protection of the ZK20Be by the surface oxide layer 
[5].  
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ZC63 was completely oxidized into powder by catastrophic oxidation and eventually burning 
after oxidation for 72 hours at 500°C. The greenish yellow product within the oxide powder indicated 
the formation of magnesium nitride, Mg3N2, due to the burning of Mg [7, 51]. Microalloying with Be 
prevented the ZC63Be from burning within the entire test period. But, the alloy was nevertheless 
completely oxidized into oxide powder due to the catastrophic oxidation after the incubation period 
of 150 minutes. The low melting temperature Mg-MgCuZn eutectic micro-constituents in these two 
alloys is responsible for the complete oxidation [49].  
To investigate and understand the difference in oxidation behaviour between these two alloys, 
additional furnace oxidation tests at the lower temperatures of 400 C and 450 C for 72 hours were 
conducted on both ZC63 and ZC63Be. The results are presented in Figs. 5(b) and (c). After oxidation 
at 400 C for 72 hours, the ZC63 had a thick and loose oxide layer, which peeled off, as shown in 
Fig. 5(b). But, the compact oxide layer on the ZC63Be was relatively thin, indicating less oxidation. 
Increasing the temperature to 450 C facilitated the oxidation for both alloys. Fig. 5(c) shows that, 
after oxidized for 72 hours at 450 C, ZC63 was totally destroyed by catastrophic oxidation and 
eventually burning, whereas the major part of ZC63Be survived except for the severe oxidation on 
the surface.  
The oxidation of the AM60Be showed no perceivable difference from that of the AM60 shown 
in Fig. 5(a). The greenish yellow powder indicated the burning of both alloys during the test period.  
There was also little difference in the oxidation behaviours between the Mg-2Y and the Mg-2Y-Be. 
There was no noticeable oxidation on both alloy surfaces after exposure in air at 500 C for 72 hours, 
indicating the high oxidation resistance of both alloys. These results demonstrated a good consistency 
with the TGA kinetics as shown in Fig. 2. 
 
3.4 Ignition temperature 
Fig. 6 shows the experimentally determined ignition temperature of all studied alloys. The 
standard deviation error bounds on the columns indicates a high reproducibility of the tests, with the 
average CV of 0.2 %. The ignition temperatures of the Be-free alloys ranged from 510 C to 646 C, 
depending on the alloy composition. Except for the Mg-2Y, the ignition temperatures of all Be-free 
alloys were close to or above their solidus temperatures [32, 49, 52]. This implies that ignition did 
not occur until the alloys were partially melted. The partial melting of those alloys promoted Mg 
evaporation, which raised the internal stress within the surface oxide layers, which caused layer 
cracking [7, 13, 42, 53]. Subsequently, the Mg vapour diffused through the cracks within the layer, 
rapidly reacted with oxygen and created conditions for ignition [7]. 
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Figure 6: The ignition temperatures evaluated as the sharp increase of the sample temperature with a heating 
rate of 5 C/min. Alloying with Be provide noticeable increase on the ignition temperatures of Mg-2Zn-Be, 
Mg-2Sn-Be, AS21Be and ZC63Be. In contrast, there were small increments on the ignition temperatures of 
ZK20Be, Mg-2Y-Be, and AM60Be after Be addition. 
There were noticeable increases in ignition temperatures for Mg-2Zn-Be (52 C), Mg-2Sn-Be 
(33 C), AS21Be (39 C) and in particular for ZC63Be (103 C) after microalloyed with Be. These 
alloys had ignition temperatures either close to or slightly above their respective liquidus 
temperatures, indicating the achievement of high ignition resistance through alloying with Be [32, 
49]. The ignition temperature of ZK20Be (605 C) was slightly increased by 10 C compared with 
the ZK20 (595 C). This was attributed to the low Be content of 16 ppm (wt) within this alloy. 
However, even with up to ~50 ppm (wt), Be addition had little influence on the ignition temperature 
of AM60Be and Mg-2Y-Be. The ignition temperature for AM60Be was 529 C, which was almost 
the same as that of AM60 (531 C). Mg-2Y had the highest ignition temperature (647 °C) among all 
the Be-free alloys. Microalloying with Be (Mg-2Y-Be) marginally increased the ignition temperature 
by 4 C to 651°C. 
3.5 Hardness of the oxide layer 
To correlate the protective efficiency of the oxide layers with their mechanical strength, 
nanoindentation was used to measure the hardness, H, of the oxide layers due to their thin thickness. 
To accurately determine the hardness, the oxide layers should be crack-free. Data in Fig. 3 suggested 
that the incubation periods of all the alloys at 500 C were longer than 15 minutes. Hence, to produce 
initially formed crack-free oxide layers, a 10-minute oxidation was conducted on all the alloys at 500 
C in air in the TGA apparatus. 
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Figure 7: The measured hardness of the initially formed oxide layer on (a) Mg-2Zn and Mg-2Zn-Be, (b) Mg-
2Sn and Mg-2Sn-Be, (c) Mg-2Y and Mg-2Y-Be, (d) AS21 and AS21Be, (e) AM60 and AM60Be, (f) ZK20 and 
ZK20Be, and (g) ZC63 and ZC63Be as a function of indentation load. The hardness of the substrates are 
presented by the dashed lines. 
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Fig. 7 presents the measured values of hardness as a function of indentation load P. The standard 
deviation error bounds of the data points indicates the good reproducibility of the tests with the 
average CV of 9 %. The measured hardness for the alloy substrates, ܪୱ, is presented by the horizontal 
dashed lines in Fig. 7. 
For all the alloys, the measured hardness H noticeably decreased with increasing indentation load 
P within the range less than 500 μN. The decreasing hardness was attributed to the influence of the 
substrate on the measured hardness [54]. During nanoindentation tests, the stress field created by the 
indenter simultaneously impacted on both oxide layer and substrate. Hence, the hardness obtained 
from the nanoindentation included the contributions from both the oxide layer and the substrate, when 
the penetration depth was insufficiently small [54-56]. When indentation load exceeded 500 μN, the 
hardness values almost remained constant, and were aligned with the values of the substrate. This is 
because when the load was above 500 μN, the indenter almost fully penetrated into the substrate and 
thus the measured hardness mainly represented the properties of the substrate. Hence, the thickness 
of the oxide layer of the alloy might be estimated by using the intender penetration depth, h, at 500 
μN. In this case, it ranged from ~110 to ~130 nm, as shown on Fig. 7. 
 
Figure 8: Cross-sectional TEM bright field micrograph and selected area diffraction (SAED) pattern of the 
oxide layer after 10-minute oxidation at 500 C in air formed on Mg-2Zn. 
TEM was used to test the reliability of the estimated layer thickness by nanoindentation. Fig. 8 
shows the cross-sectional TEM bright field image and the corresponding SAED pattern of the oxide 
layer initially formed on Mg-2Zn. There was a uniform, compact, and crack-free oxide layer formed 
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on Mg-2Zn after oxidation at 500 C for 10 minutes. The discontinuous diffraction rings indicated 
that the oxide layer was polycrystalline with nanometre-sized grains, which was similar to the initially 
formed oxide layers on AZ91 and AZ91Be as reported in our previous work [27]. The thickness of 
the oxide was measured to be ~110 nm, close to the value of 113 nm estimated by the nanoindentation 
method, shown in Fig. 7(a). This result suggests that, in our case, it is rational to use the penetration 
depth at 500 μN to approximate the oxide layer thickness. As presented in Fig. 7, for each alloy the 
initially formed oxide layer at 500 C was thin, and each oxide layer had a similar thickness.  
To determine the actual oxide layer hardness, a deconvolution method was used to relate the 
measured hardness, H, to the corresponding values of hardness of the constituent materials (oxide 
layer and substrate) via a power-law function as follow [57]: 
ܪ ൌ ܪୱ ൬ܪ୪ܪୱ൰
ଵ
ଵା஺ሺ௛ௗሻಳ 																																																																ሺ1ሻ 
where ܪୱ  and ܪ୪  denote the hardness values of the substrate and the oxide layer, respectively; h 
represents the indenter penetration depth; d is the oxide layer thickness, which was roughly measured 
by the penetration depth at 500 μN as shown in Fig. 7; and A, and B are adjustable coefficients. 
Equation (1) must satisfy the following essential boundary conditions: (i) ݄/݀ → 0, ܪ ൌ ܪ୪ (small 
penetrations, oxide layer-dominated limit); and (ii) ݄/݀ → ∞, ܪ ൌ ܪୱ (large penetrations, substrate-
dominated limit). 
Fig. 9 presents the measured hardness H as a function of relative indenter penetration ݄/݀. For 
all the alloys being studied, the measured H noticeably decreased with increasing ݄/݀ when 0.01 < 
݄/݀ < 1, attributed to the fact that the influence from the substrate increased with increasing indenter 
penetration. When ݄/݀  ≥ 1, the oxide layer was penetrated. Accordingly, the H asymptotically 
approached to the substrate hardness ܪୱ, which is presented by the horizontal dashed lines in Fig. 9. 
The solid curves fits equation (1) well for each data set, deriving ܪ୪ for the oxide layer on each alloy 
at ݄/݀ → 0, as shown by Fig. 9. The derived values of ܪ୪ indicate that, except for the Mg-2Y, the 
initially formed oxide layers on all the Be-free alloys had similar hardness ranging from 2.1 GPa to 
2.6 GPa. Microalloying with Be significantly increased the ܪ୪ value of the oxide layer on the Mg-
2Zn-Be, Mg-2Sn-Be, AS21Be and ZC63Be by over 2 times. Microalloying with Be also led to a 
slight increase of the oxide layer hardness on ZK20Be, from 2.3 GPa for ZK20 to 3.1 GPa for 
ZK20Be. However, the increase of hardness for AM60 was only 0.2 GPa through microalloying with 
Be, as shown in Fig. 9(e). The Mg-2Y had the hardest initially formed oxide layer, ܪ୪ =10.2 GPa, 
among all the alloys. But, the addition of Be into Mg-2Y led to a decrease in the oxide layer hardness 
on the Mg-2Y-Be. The H1 value was reduced to 8.1 GPa from 10.2 GPa, as presented in Fig. 9(c). 
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Figure 9: The measured hardness of the initially formed oxide layer on (a) Mg-2Zn and Mg-2Zn-Be, (b) Mg-
2Sn and Mg-2Sn-Be, (c) Mg-2Y and Mg-2Y-Be, (d) AS21 and AS21Be, (e) AM60 and AM60Be, (f) ZK20 and 
ZK20Be, and (g) ZC63 and ZC63Be as a function of the relative indentation depth h/d. The solid curves were 
best fits of equation (1). The H values for the alloy substrates are represented by the dashed lines. The oxide 
hardness are derived from the curves at h/d→ 0. 
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4 Discussion 
4.1 Oxide reinforcement model 
High resistance to oxidation requires the formation of a continuous, compact, and crack-free 
oxide layer on the alloy surface to isolate the substrate from the oxidizing atmosphere [9]. Because 
of the low ܴ୔୆ value of 0.81, the MgO layer has long been considered as incompact with internal 
tension stresses [5, 8, 9]. As oxidation continues, thickening of the oxide layer and the evaporation 
of underlying Mg simultaneously increase the internal stresses within the MgO layer, causing layer 
cracking [5, 13]. The cracks then facilitate the oxidation process by providing channels for the 
outward diffusion of Mg vapour and the inward penetration of oxygen, resulting in nodular growth 
of the oxide, catastrophic oxidation, and eventually ignition of the alloy [6, 7, 11]. 
The present results demonstrate a high efficiency of Be in improving the oxidation resistance and 
ignition temperatures for Mg-2Zn-Be, Mg-2Sn-Be, AS21Be, and ZC63Be. But, the effect of Be 
addition on oxidation resistance was marginal for ZK20Be, Mg-2Y-Be and AM60Be. 
Our previous work [27] proposed an oxide layer reinforcement model in order to understand the 
underlying mechanism, by which microalloying with Be effectively improved the oxidation 
resistance of the AZ91. This model attributed the high oxidation resistance of the Be-containing cast 
AZ91 alloy to the strengthening of the initially formed oxide layer on the alloy surface. The 
strengthened oxide delayed cracking of the oxide layer so that it could continuously protect the 
substrate from further oxidation. This reinforcement was associated with both the solid solution 
strengthening of substitutional Be2+ cations, and the grain refinement of (Mg,Be)O solid solution due 
to the surface enrichment of Be [27].  
Comparing the present results shown in Figs. 7 and 9 with those in Figs. 2, 3, 5 and 6 
demonstrated that the hardness of the oxide layers was directly related to the oxidation behaviour of 
the currently studied alloys. This indicates that our oxide reinforcement model for the high oxidation 
resistance of Mg alloys can be generalised to a number of Mg alloys, as discussed in the next 
subsections. 
 
4.2 Mg-2Zn-Be, Mg-2Sn-Be, AS21Be and ZC63Be 
Fig. 9 indicates that the hardness values of the oxide layers on Mg-2Zn-Be, Mg-2Sn-Be, AS21Be 
and ZC63Be were much higher than the respective values of their counterpart alloys without Be, i.e. 
Mg-2Zn, Mg-2Sn, AS21 and ZC63. During high temperature oxidation, the reinforced oxide layers 
could withstand higher internal stresses and Mg vaporisation, and therefore delayed cracking of the 
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oxide layers. Hence, the oxidation incubation periods of Mg-2Zn-Be, Mg-2Sn-Be, AS21Be, and 
ZC63Be were effectively extended, and their ignition temperatures were significantly increased as 
shown in Fig. 3 and Fig. 6. Within the incubation period, the oxidation primarily proceeded by ionic 
diffusion through the oxide layer, which was a relatively slow process compared with the faster Mg 
vaporisation [5, 42, 50, 58].  
The results in Fig. 5(a) indicate that the reinforced oxide layers provided sufficient protection of 
Mg-2Zn-Be, Mg-2Sn-Be, and AS21Be from long-term oxidation at 500 C for 72 hours. But, for 
ZC63Be, although it exhibited better oxidation resistance than ZC63, significant surface degradation 
and catastrophic oxidation occurred for ZC63Be after long-term oxidation at 400 C, 450 C, and 500 
C for 72 hours. This was attributed to the intrinsic low oxidation resistance of the ZC63 system. The 
formation of the Mg-CuZnMg eutectic micro-constituent, as shown in Figs. 1(m) and (n), 
significantly reduced the melting temperatures of the two alloys. During high temperature oxidation, 
the eutectic micro-constituent melted due to its lower melting temperature of 465 C, which led to a 
formation of intergranular liquid islands, dramatically intensifying Mg vaporisation [11, 49]. In 
addition, the substantial Zn content in the alloy resulted in substantial Zn sublimation on the surface 
of the alloy during high temperature oxidation, creating conditions that favoured layer cracking [42, 
59]. 
 
4.3 AM60Be and ZK20Be 
For AM60Be and ZK20Be, the low oxidation resistance was attributed to insufficient 
reinforcement in the initially formed oxide layers, as shown in Figs. 9(e) and (f). As aforementioned, 
the formation of a Be-reinforced oxide layer requires the Be accumulation on the alloy surface to 
form the (Mg,Be)O layer. Since the solid solubility of Be in Mg is almost zero, Be is considered to 
mainly segregate along the grain boundaries of α-Mg [32]. During oxidation at high temperatures, 
the grain boundaries provide faster channels for the outward diffusion of Be-ions, leading to the 
surface enrichment of Be.  
For ZK20Be, the chemical reaction between Be and Zr during casting lowered the Be content in 
the alloy, as shown in Table 1. Hence, there was insufficient Be accumulated on the alloy surface 
during the oxidation process, causing the weak reinforcement effect of the oxide layer on ZK20Be, 
as shown in Fig. 9(f).  
For AM60Be, Al-Mn intermetallic compounds formed and were distributed within α-Mg grains, 
as shown in Fig. 4(j). Zupanič et al. [60-62] reported that in the Al-Mn-Be system Be could either 
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dissolve into λ-Al4Mn or react with Al and Mn to form thermostable Be4AlMn and Al15Mn3Be2 
phases, with melting temperatures higher than 649 C. In the present AM60Be, Be might be 
irreversibly “trapped” within the thermostable intermetallic compounds by either dissolving into the 
Al-Mn phases or forming the Al-Mn-Be phases. In either case, Be atoms could be stopped from 
diffusing towards the AM60Be surface during the oxidation process, and therefore provide no 
reinforcement to the surface oxide layer, as shown in Fig. 9(e).  
 
4.4 Mg-2Y 
Both Mg-2Y and Mg-2Y-Be exhibited high oxidation resistance and high ignition temperatures. 
The improved oxidation resistance of Y-containing Mg alloys has been considered as the result of the 
formation of a protective oxide layer consisting of Y2O3 (ܴ୔୆=1.39) and MgO on the alloy surface to 
isolate the substrate from oxygen [63-65]. The results in Fig. 9(c) verified the hard and crack-resistant 
nature of the oxide layer on Mg-2Y. However, the hardness of the surface oxide layer on Mg-2Y-Be 
was lower than that on Mg-2Y. This could be associated with the formation of thermally stable Al2Y 
intermetallic compounds within Mg-2Y-Be, as shown in Fig. 4(f). The Y solute dissolved in the α-
Mg contributed to the improvement of oxidation resistance by forming a protective Y2O3-containing 
surface oxide layer. But, the formation of thermally stable Al2Y compound irreversibly consumed Y 
in the α-Mg and therefore deteriorated the oxidation resistance. The lower concentration of Y in the 
oxide layer on Al-containing Mg-Y alloys after oxidation was reported in a recent study by Yu et al. 
[41]. In the present work, although the addition of Be could provide reinforcement to the initially 
formed oxide layer on the Mg-2Y-Be, the redundant Al introduced by the Al-5 wt.% Be master alloy 
adversely affected the layer hardness. Nevertheless, the Mg-2Y-Be still showed a high oxidation 
resistance due to the high hardness of 8.1 GPa of the oxide layer formed on the alloy surface. 
  
4.5 Generalized oxidation model 
Table 2 provides the comparison of the oxide properties, incubation periods, and ignition 
temperatures for all the Mg alloys being studied herein with ignition temperatures greater than 640 
C and the corresponding values for AZ91Be from our previous studies [26, 27]. Table 2 indicates 
that the oxide properties of the Mg-2Zn-Be, Mg-2Sn-Be and AS21Be were similar to those of the 
AZ91Be. This suggests that the surface oxide on all these alloys is the same as the (Mg,Be)O 
characterized in our prior research on AZ91Be [26]. This is consistent with the fact that all these 
alloys exhibited long incubation periods of over 300 minutes during high temperature oxidation and 
had similar values of ignition temperature. In these cases, the microalloying with Be changed the 
surface oxide by the incorporation of Be, increasing the mechanical properties of the oxide, resisting 
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oxide cracking, and thereby increasing the oxidation resistance. The ignition temperature was 
essentially the liquidus temperature, indicating that the protection was provided until the essential 
melting of the sample, which was also found in our prior research [66]. 
Table 2: Comparative oxide properties, incubation periods, and ignition temperatures for the Mg alloys with 
ignition temperatures above 640 C. The values for AZ91Be are from our prior research [26, 27]. 
Alloy 
Oxide 
Thickness 
(nm) 
Oxide 
Hardness 
(GPa) 
Incubation 
Period 
(min) 
Ignition 
Temperature 
(C) 
AZ91Be 100 4.1 > 300  (at 400C) 659 
Mg-2Zn-Be 113 4.6 > 300 642 
Mg-2Sn-Be 132 4.3 > 300 647 
AS21Be 133 4.5 > 300 645 
Mg-2Y 130 10.2 > 300 647 
Mg-2Y-Be 127 8.1 > 300 651 
 
Table 2 also indicates that the ignition temperatures of both Mg-2Y and Mg-2Y-Be were 
comparable to those of AZ91Be, Mg-2Zn-Be, Mg-2Sn-Be and AS21Be. For the two Y containing 
alloys, the oxide hardness values were much greater than those associated with (Mg,Be)O. For these 
Y containing alloys, it is expected that the surface oxide contains Y2O3 [41, 65]. Nevertheless, it 
would be reasonable to expect that the same mechanism would be responsible for the long incubation 
period and the high ignition temperature. This suggests that the good oxidation properties of the Y 
containing Mg alloys should be attributed to the high strength of the oxide formed on the alloys. 
The nanoindentation approach provides a new approach to understand the mechanism for the 
high-oxidation resistance of these Mg alloys. It would appear to be fruitful to apply this technique to 
understand the mechanism determining the good oxidation resistance of Mg alloys containing Ca, Y, 
Gd, Dy, and Er [19]. 
 
5. Conclusions 
i. The oxidation resistance of Mg alloys was closely related to the strength or hardness of the oxide 
layer formed on the alloy surface. The good oxidation resistance of a number of Mg alloys, 
including Mg-2Zn-Be, Mg-2Sn-Be, AS21Be, ZC63Be, Mg-2Y and Mg-2Y-Be, was due to the 
high strength of the surface oxide on these alloys. These suggest that the oxide reinforcement 
model for the high oxidation resistance of Mg alloys was valid for all the alloys being studied in 
this work. 
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ii. The nanoindentation testing provided an alternative approach to understand the mechanism for 
high-oxidation resistance of Mg alloys, which has never been used before. 
iii. Microalloying with Be effectively enhanced the oxidation resistance of Mg-2Zn-Be, Mg-2Sn-
Be, AS21Be and ZC63Be due to a significant reinforcement on the initially formed oxide layers 
on the surface of the alloys. 
iv. The Y-containing Mg-2Y and Mg-2Y-Be alloys exhibited high resistance to oxidation and 
ignition, which was attributed to the formation of hard and crack-resistant surface oxide layers. 
v. The relatively low oxidation resistance of the ZK20Be and AM60Be was attributed to the 
insufficient reinforcement of the surface oxide layers by Be to suppress the cracking of the oxide 
layers. The Zr and Mn solutes in both alloys irreversibly consumed the Be content in the alloys, 
by forming thermally stable Be-containing intermetallic compounds, resulting in insufficient Be 
accumulation on the alloy surface during the oxidation process, and therefore weakened the 
reinforcement effect of the oxide layer. 
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Chapter 7 Synergistic effect of Be and Ca 
7.1 Chapter overview 
 
This chapter details the combined influence of Be and Ca on the oxidation resistance of Mg alloys 
at elevated temperatures. Based on the results of TGA and furnace oxidation tests, and the determined 
ignition temperatures (Ti), it was verified that the AZ91 alloyed with 20 ppm (wt) Be and 0.5 wt.% 
Ca had higher oxidation resistance than that of the AZ91 containing 60 ppm (wt) Be. In addition, the 
microstructure of the oxide layers and the onset melting temperatures of the alloys were analysed 
using FESEM and DTA, respectively. It was found that combined alloying with Be and Ca was 
associated with a synergistic effect on the oxidation of the AZ91 alloy. Such synergistic effect 
inhabited the Mg vaporisation due to the elimination of Mg-Al eutectic micro-constituent, and the 
formation of a Be-reinforced compact CaO-MgO duplex oxide layer on the surface during oxidation 
process. Details on this work are fully presented in Paper 5 in section 7.2.  
Since oxide reinforcement model for the high oxidation resistance of Be-containing Mg alloys 
was proposed (Paper 3 and 4) after the publication of Paper 5, more discussion referring to the Be-
reinforced CaO-MgO duplex layer was presented in section 7.3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
162 
 
7.2 Associated paper: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Paper 5 
 
Combined influence of Be and Ca on improving the high-temperature oxidation 
resistance of the magnesium alloy Mg-9Al-1Zn 
Qiyang Tan1, Ning Mo1, Bin Jiang2, Fusheng Pan2, Andrej Atrens1 and Ming-Xing Zhang1* 
1 School of Mechanical and Mining Engineering, The University of Queensland, St. Lucia, QLD 
4072, Australia 
2 College of Materials Science and Engineering, Chongqing University, Chongqing, 400030, 
China 
*Corresponding author: mingixng.zhang@uq.edu.au, +61733468709 
 
Corrosion Science, vol. 122 (2017): 1-11 
 
 
 
 
 
 
 
 
 
 
163 
 
Combined influence of Be and Ca on improving the high-temperature oxidation resistance of the 
magnesium alloy Mg-9Al-1Zn 
 
Qiyang Tan1, Ning Mo1, Bin Jiang2, Fusheng Pan2, Andrej Atrens1 and Ming-Xing Zhang1,* 
1 School of Mechanical and Mining Engineering, The University of Queensland, St. Lucia, QLD 
4072, Australia 
2 College of Materials Science and Engineering, Chongqing University, Chongqing, 400030, 
China 
Abstract 
The present work showed that the oxidation resistance of Mg-9Al-1Zn at elevated temperatures 
was improved by combined alloying with Be and Ca. AZ91 alloyed with 20 ppm (wt) Be and 0.5 
wt.% Ca had higher oxidization resistance than that of AZ91 containing 60 ppm (wt) Be. The 
improved oxidation resistance was attributed to (a) the formation of a Be-reinforced compact CaO-
MgO composite layer on the alloy surface, and (b) suppressing the Mg evaporation along the grain 
boundaries of the alloy by (i) the elimination of Mg-Al eutectic micro-constituent, and (ii) the increase 
in thermal stability of the β-Mg17Al12 due to the Ca alloying. 
Keywords: A. Magnesium; A. Alloy; B. SEM; C. Oxidation 
 
1. Introduction 
In recent years, the demand of light-weight and high-strength materials in automotive and 
aerospace industries has increased the interest in magnesium (Mg) alloys [1-3]. However, the 
widespread usage of Mg alloys is limited by its low oxidation resistance at high-temperatures above 
400 C [4-9]. When Mg alloys are exposed to air during high-temperature manufacturing processes, 
such as casting, welding and heat treatment, they suffer from significant surface degradation and even 
cause fires [10-12]. The poor oxidation resistance of Mg alloys is attributed to the following factors 
[10, 11, 13-17]: (i) the MgO scale is not compact due to the low Pilling-Bedworth ratio (P-B ratio) of 
0.81, and consequently the MgO scale provides a poor barrier to further oxidation; (ii) the 
vaporisation of Mg becomes significant at high temperatures, raising the internal stress inside the 
MgO layer, causing cracking of the MgO film, and providing fuel for ignition; (iii) the large amount 
of heat generated from the exothermic oxidation process contributes further to oxidation and ignition. 
The initially thin and adherent MgO layer becomes porous at high temperatures. As oxidation 
continues, catastrophic oxidation and eventually ignition occur. 
Mg alloys with trace amounts of beryllium (Be) have been found to have lower rates of oxidation, 
and higher ignition temperatures [18-20]. Be is one of a few elements that has an affinity to oxygen 
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higher than that of magnesium. BeO has a high P-B ratio of 1.70 [21]. Thus, the increased oxidation 
resistance has long been attributed to the formation of BeO. Zeng et al. [22, 23] found that AZB910 
containing 0.3 wt.% Be could be melted without burning, even without shielding gas. Czerwinski 
[24] found that the onset of accelerated oxidation of AZ91 at 487 C was delayed by alloying with 
only 10 ppm (wt) Be. Our recent work [25] found that the solid-state oxidation rates of AZ91 
containing Be were significantly reduced when the Be content was increased from 10 to 60 ppm (wt).  
But, Be is expensive and it is also poisonous [26]. Inhalation of beryllium dust or fumes has been 
associated with acute and chronic lung disease [27-29]. During manufacturing processes, engineering 
controls, including local exhaust ventilation, and personal protective equipment (respirators, masks, 
protective eyewear, clothing, and gloves) are mandatory [30]. Hence, producing oxidation resistant 
Mg alloys with low Be contents has technological and practical significance. An approach is to use 
calcium (Ca), which has been proved effective in enhancing the oxidation resistance of Mg alloys 
[31-33], by the formation of CaO-rich oxide layer on the surface [32, 34, 35]. Cheng et al. [35] 
reported a negligible oxidation rate for AZ91 containing 1.5 wt.% Ca, after oxidation for 7 hour at 
400 C in air. Lee [36] found that the oxidation rate of AZ31, within the temperature range from 450 
C to 650 C, was significantly decreased after alloying with 0.3 wt.% Ca. More recently, Li et al. [3] 
found that the ignition temperature of AZ91 was increased from 545 C to 870 C by alloying with 6 
wt.% Ca. 
However, the following questions are still unanswered: (i) which one, Be or Ca, is more effective, 
(ii) what are their differences, and (iii) what is their combined influence on the oxidation behaviour 
of Mg alloys. Hence, the present work aimed to investigate the roles of Be and Ca, to study their 
combined effects on improving the oxidation resistance of AZ91 alloys, and therefore to minimize 
the usage of Be in oxidation-resistant Mg alloys.  
 
2. Experimental Methods 
2.1 Alloy preparation 
The AZ91 alloys were produced using commercially pure Mg, Al and Zn, and commercially 
available Al-5 wt.% Be and Mg-20 wt.% Ca master alloys. As Be is toxic in the form of dust or 
powder [27-29], master alloys must be used to add Be into Mg melt. In addition, to avoid the creation 
of dust, the Al-5 wt.% Be master alloy could only be cut using scissors during raw material 
preparation. No sawing and grinding were allowed. The alloys were melted in a steel crucible in an 
electric resistance furnace at 740 C, under the protection of a shielding gas of 1 vol. % SF6-49 vol.% 
CO2-50 vol.% dry air. The melt was isothermally held at 740 C for 20 min to ensure that all the 
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alloying elements were completely dissolved. Then, the melt was cast into a steel mould, preheated 
at 200 C, and cooled to room temperature. Table 1 lists the chemical compositions of the alloys, 
determined by Spectrometer Services PTY. LTD. using inductively coupled plasma (ICP). 
Table 1: Alloy composition analysis (wt. % or wt. ppm) carried out using inductively coupled plasma - atomic 
emission spectrometer (ICP-AES) and ignition temperatures. 
Sample Mg % Al % Zn % Ca % Be ppm Ignition temperature, °C 
AZ91 Bal 9.18 1.10 <0.01 <1 549 
AZX910 Bal 8.73 1.02 0.31 <1 598 
AZX911 Bal 9.06 1.06 0.80 <1 661 
AZ91Be60 Bal 9.57 1.03 <0.01 66 659 
AZX910Be10 Bal 9.30 0.94 0.36 6 622 
AZX911Be10 Bal 9.29 1.01 1.01 5 663 
AZX910Be20 Bal 9.17 1.02 0.42 25 677 
AZX911Be20 Bal 9.32 1.02 0.87 17 679 
AZX910Be60 Bal 9.38 1.09 0.49 52 693 
AZX911Be60 Bal 9.73 1.02 0.90 48 697 
 
 
2.2 Microstructure characterization 
A JEOL 7001 field emission scanning electron microscopy (FESEM), equipped with energy 
dispersive spectroscopy (EDS), was used to examine (i) the microstructures of the as-cast alloys, and 
(ii) the cross-sectional morphology of the oxide films on the alloy surface after furnace oxidation for 
144 hours at 400 C. In addition, a NETZSCH STA409 differential thermal analysis (DTA) apparatus 
was used to measure the melting temperature of each alloy at the heating rate of 10 K/min. 
 
2.3 Oxidation evaluation 
The oxidation behaviour was characterized by (i) thermogravimetric analysis (TGA) at 400 C 
and 450 C for 5 hours in air in a NETZSCH STA409 TGA analysis device; (ii) examination of 
samples after heating in air in a furnace at 400 C for 144 hours; and (iii) determination of the ignition 
temperature of the alloys. The TGA provided the relationship between the weight gain of the sample 
and oxidation time. Samples were 12 ×12 × 10 mm in size. Samples were cut from the ingots, and 
were mechanically ground and polished. The furnace oxidation allowed visual examination of the 
long-term oxidation behaviour of the alloys. 20 × 20 × 15 mm block samples, cut from the same 
ingots, were used to determine the ignition temperatures. Fig. 1 schematically shows the experimental 
device for the ignition test. The block sample was heated in a steel crucible in a small electric 
resistance furnace. The furnace temperature was increased at a rate of 5 C/min from room 
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temperature. A K-type thermocouple was placed in a small hole drilled into the centre of the sample 
and was used to record the sample temperature, using a PC controlled data acquisition system. The 
ignition temperature was identified as the sharp increase of the sample temperature, which was caused 
by the exothermal burning of the Mg alloy after ignition of Mg alloy. It is recognized that the ignition 
temperature is strongly dependent on the details of the experimental set up as shown by Liu et al. [9] 
and so the ignition temperature is not an intrinsic material property. Nevertheless, useful insights can 
be gained from a comparison on the ignition temperature measured with similar set ups. The ignition 
temperatures were included in Table 1. 
 
Figure 1: Schematic of the experimental device for the measurement of the ignition temperature. The sample 
was heated in a steel crucible in a top-open electric resistance furnace with a linearly increasing temperature. 
The ignition temperature was identified by the sharp increase of the sample temperature. 
 
3. Results and discussion 
3.1 Microstructure 
Fig. 2 shows the microstructures of as-cast AZ91 and AZ91Be60 and the EDS mapping. The 
microstructure was similar for both alloys. Both alloys contained a eutectic micro-constituent 
consisting of α-Mg and β-Mg17Al12 distributed mainly along the dendrite boundaries of the α-Mg, as 
described in previous work [36]. Be was not detected by the EDS mapping because of its low 
concentration.  
167 
 
 
Figure 2: FESEM/EDS microstructures of (a) AZ91 and (b) AZ91Be60 alloys. Both microstructures contained 
α-Mg matrix, and α-Mg + β-Mg17Al12 intermetallics in a lamellar eutectic micro-constituent. Alloying with 60 
ppm (wt) Be did not significantly change the as-cast microstructure of AZ91.  
 
Figure 3: FESEM/EDS microstructures of (a) AZX910 and (b) AZX911 alloys. The lamellar Mg-Al eutectics 
were significantly reduced in both alloys. When Ca alloying reached 1.0 wt.%, the volume fraction of β-
Mg17Al12 intermetallics in AZX911 were dramatically decreased. In addition, there were chain-shaped Al2Ca 
intermetallics and lamellar Mg-Al2Ca eutectics along the dendrite boundaries. 
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Fig. 3 shows that, unlike AZ91Be60, the microstructures of AZX910 (containing 0.5 wt.% Ca) 
and AZX911 (containing 1.0 wt.% Ca) were remarkably different to that of AZ91. Fig. 3a shows that 
for AZX910, the majority of Ca was dissolved into the β-Mg17Al12 and there was no new phase. 
However, Fig. 3b shows that in the microstructure of AZX911, a chain-shaped phase partially 
replaced the β-Mg17Al12, and there was a new lamellar structure along the dendrite boundaries. The 
EDS analysis showed that the approximate chemical composition of the chain-shaped phase was 
18.78 at.% Mg, 54.43 at.% Al and 26.79 at.% Ca, consistent with Al2Ca as described by Liang and 
co-workers [37]. The new lamellar micro-constituent was considered as the α-Mg-Al2Ca eutectic 
micro-constituent [37-39]. 
Alloying with 60 ppm (wt) Be did not lead to noticeable microstructure changes in the as-cast 
AZX910 and AZX911 alloys as shown in Fig. 4. EDS mapping could not detect the Be. 
 
Figure 4: FESEM/EDS microstructures of (a) AZX910Be60 and (b) AZX911Be60 alloys. Alloying with 60 
ppm (wt) Be did not significantly change the as-cast microstructure of both alloys. In addition, within the 
accuracy of EDS, Be was not able to be detected in the as-cast alloys due to its trace amount. 
 
3.2 Oxidation kinetics 
Fig. 5 presents the isothermal oxidation data at 400 C and 450 C for 5 h in air for all the alloys. 
Compared with AZ91, alloying with Ca and Be reduced the overall weight gain at both temperatures, 
indicating an increase in oxidation resistance.  
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Figure 5: The thermogravimetric measurements of weight change versus time for as-cast AZ91 alloyed with 
Ca and Be in air at (a) 400 C and (b) 450 C. The overall weight gains were listed within the figures. Alloying 
with Ca and Be reduced the rate of weight gain at both temperatures to different extent. The synergistic effect 
of 20 ppm (wt) Be and 0.5 wt.% Ca was similar to the effect of 60 ppm (wt) Be. 
The isothermal oxidation data indicated two oxidation stages: (i) the initial parabolic stage, and 
(ii) an accelerated oxidation stage. The initial parabolic stage was considered to be an incubation 
period [6, 10, 13, 25, 40], within which the MgO layer formed on the sample surface provided 
protection for the substrate. In contrast, the accelerated oxidation stage indicated the breakage of the 
oxide layer, and linear oxidation kinetics [6, 10]. Fig. 5b shows that, for oxidation at 400 C, the 
incubation period of the AZ91 was ~70 min and the overall weight gain was 0.138 mg/cm2. Alloying 
with 0.5 wt.% Ca led to the increase in incubation period of the AZX910 to ~200 min. For all other 
alloys, the incubation period was over 300 min at this temperature. Oxidation at 450 C shortened the 
incubation periods of the AZ91 and AZX910 alloys to ~ 25 min and ~ 80 min, respectively, and also 
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facilitated the accelerate oxidation stage for all alloys containing less than 20 ppm (wt) Be. Fig. 5b 
indicates that the accelerated oxidation occurred for the AZX910Be10, AZX911 and AZX911Be10 
alloys within the test period and their incubation periods were approximately 160 min, 260 min and 
220 min, respectively. In contrast, for all other alloys containing 20 ppm (wt) or 60 ppm (wt) Be, 
including AZ91Be60, AZ91Be60, AZX910Be20, AZX911Be20, AZX910Be60 and AZX911Be60, 
the oxidation still followed parabolic kinetics within the entire oxidation test period, and their weight 
gains were almost the same.  
These results indicated that (i) Be and Ca can improve the oxidation resistance of Mg alloys, (ii) 
Ca is not as effective as Be, and (iii) the combined alloying with Ca and Be may achieve better results. 
For example, after combined alloying of 20 ppm (wt) Be and 0.5 wt.% Ca into the AZ91 alloy, the 
oxidation resistance of the AZX910Be20 was similar to that of the AZ91Be60. Namely, due to the 
synergistic effect of 20 ppm (wt) Be and 0.5 wt.% Ca, the usage of 60 ppm (wt) Be could be reduced 
by 67%. 
 
3.3 Air oxidation 
To further investigate the oxidation behaviour of the Be and Ca containing AZ91 alloy, longer 
oxidation test was carried out in air in a furnace. Fig. 6 exhibits the surface appearances of the samples 
after 144 hour furnace oxidation at 400 C followed by cleaning off the oxide powder. The AZ91 
alloy was massively destroyed, attributed to the fact that the MgO layer on the AZ91 was non-
protective during the long-term oxidation. Exposed Mg and Mg vapour directly reacted with oxygen, 
leading to the alloy oxidation. The AZX910 and AZX911 were also severely oxidized even though 
the AZX911 alloy with higher Ca content showed less oxidation. This result indicated that single 
addition of Ca was insufficient to protect the AZ91 alloy from long-term oxidation. In comparison, 
the original sample shapes of all Be-containing alloys remained unchanged except for some scattered 
oxide nodules on the surface of AZX910Be10 and AZ91Be60. The exposed oxide nodules 
represented the onset of film cracking [10]. The Mg vapour diffused through the cracks. Reaction 
with oxygen and the deposition of the Mg oxide resulted in the formation of Mg oxide nodules [6]. 
The onset of accelerated oxidation is associated with the appearance of oxide nodules [10, 13, 14]. 
Further oxidation leads to the coalescence of the nodules, and then the formation of a loose oxide 
layer [6], such as the black scales on the AZX910 and AZX911. The oxidation of the AZ91Be60 
alloy implies that alloying only Be, even up to 60 ppm (wt), is not as effective as the combined 
alloying with Be and Ca in improving the oxidation resistance of the AZ91 alloys because all other 
alloys, including AZX910Be20, AZX911Be10, AZX911Be20, AZX910Be60 and AZX911Be60, 
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showed no noticeable oxidation in air at 400 C for 144 hours. There were neither black oxide layers 
nor oxide nodules on the surfaces of these alloys containing both Be and Ca. 
 
Figure 6: The macroscopic images of alloys after long-term furnace oxidation in air at 400 C for 144 hours. 
AZ91, AZX910 and AZX911 were severely oxidized. The black scales on the surface indicated the formation 
of thick, non-adherent oxide layers. There were oxide nodules on the surface of AZX910Be10 and AZ91Be60, 
indicating the onset of film cracking. AZX910Be20, AZX911Be10, AZX911Be20, AZX910Be60 and 
AZX911Be60 were completely protected, indicating a high oxidation resistance. 
 
3.4 Ignition temperature   
Fig. 7 presents the ignition temperature for all alloys. AZ91 had the lowest ignition temperature 
of 549 C, which was close to its solidus temperature of 550 C [41]. This indicated that the oxide 
layer formed at the solid state provided sufficient resistance to ignition until partial melting of the 
alloy. When the temperature was close to or above the solidus temperature, the AZ91 alloy started to 
melt, dramatically increasing Mg vaporisation [10, 11, 17]. The Mg vapour diffused out through the 
cracks in the oxide layer and rapidly reacted with oxygen. As oxidation of Mg is exothermic, the large 
amount of heat created conditions that favoured ignition [17]. This also suggested that the Mg vapour 
is the ignition species [6].  
Alloying with Ca and Be increased the ignition temperature of AZ91. Fig. 7 indicates that (i) the 
ignition temperature increased with an increase in either Be or Ca concentration, and (ii) the combined 
effect of Be and Ca was more significant than single alloying.   
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The ignition temperature of AZ91Be60 (60 ppm (wt) Be only) was 659 C, which was almost 
the same as that of AZX911 (1.0 wt.% Ca only).  
However, AZX910Be20 (20 ppm (wt) Be and 0.5 wt.% Ca), AZX910Be60 (60 ppm (wt) Be and 
0.5 wt.% Ca), AZX911Be20 (20 ppm (wt) Be and 1.0 wt.% Ca), AZX911Be60 (60 ppm (wt) Be and 
1.0 wt.% Ca) had a higher ignition temperature. AZX911Be60 had the highest ignition temperature 
of 697 C.  
AZX910Be20 was particularly interesting. This alloy, containing 20 ppm (wt) Be and 0.5 wt.% 
Ca, had a significantly increased ignition temperature of 677 C, which was higher than that of 
AZ91Be60 and AZX911. Further addition of Ca up to 1 wt.% (AZX911Be20) marginally increased 
the ignition temperature by only 2 C compared with the AZX910Be20 alloy. Previous study by Li 
and co-workers [42] showed that alloying with 1.0 wt.% Ca significantly decreased the ductility of 
AZ91 by ~40% due to the formation of Al2Ca. Such embrittlement was continuously reduced with 
decrease in Ca addition. Considering the cost and the potential of embrittlement caused by a higher 
Ca concentration in the Mg-Al based alloys, the addition of 20 ppm (wt) Be and 0.5 wt.% Ca was 
considered as an optimal addition to sufficiently improve the high temperature oxidation resistance 
of the AZ91 alloy. For commercial application, further experiment is needed to verify the feasibility 
of this composition. 
 
Figure 7: The ignition temperatures evaluated as the sharp increase of the sample temperature with a heating 
rate of 5 C/min. Both Ca and Be were beneficial in increasing the ignition temperature. Synergistic alloying 
with 0.5 wt.% Ca and 20 ppm (wt) Be increase the ignition temperature of AZ91 more than single alloying 
with 1.0 wt.% Ca or 60 ppm (wt) Be. 
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3.5 Analysis of the oxide film 
Fig. 8 presents FESEM images of the cross-sections of the oxide layers formed on the four typical 
alloys, AZ91, AZ91Be60, AZX911 and AZX911Be60, after 144 hour furnace oxidation in air at 400 
C. Table 2 lists the chemical compositions from the EDS analysis of the particular regions marked 
in Fig. 8. 
 
Figure 8: Cross-sectional micrographs of the oxide layer on (a) AZ91; (b) AZ91Be60; (c) AZX911 and (d) 
AZX911Be60 after 144 hour furnace oxidation at 400 C in air. Alloying with Ca and Be contributed to the 
formation of a dense and compact oxide layer. 
Table 2: Composition (wt. %) analysis of the regions in Fig. 8 by EDS 
Sample Region Mg Al Zn O  Be Ca 
AZ91 1 85.67 8.23 1.87 0.66 - - 
2 35.16 3.18 - 30.48 - - 
3 58.19 31.95 6.18 0.73 - - 
AZ91Be60 1 88.32 8.84 - 0.92 - - 
2 36.85 1.65 - 43.23 - - 
AZX911 1 87.13 8.22 1.38 1.08 - 0.70 
2 47.37 2.87 - 27.96 - 14.97 
3 64.47 1.65 1.20 23.03 - 4.25 
AZX911Be60 1 79.93 5.77 0.82 6.3 - 0.68 
2 45.57 0.74 - 20.98 - 21.44 
3 36.27 1.60 1.21 34.03 - 3.84 
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Fig. 8a shows that AZ91 had a 40 m thick porous oxide layer with vertical cracks. The layer 
exhibited a columnar structure consisting of dark and bright regions. Table 2 presents the chemical 
composition determined by EDS. The composition of the dark region was 30.48 wt.% O, 35.16 wt.% 
Mg and 3.18 wt.% Al; and of the bright region was 58.19 wt.% Mg, 31.95 wt.% Al and 6.18 wt.% 
Zn. This indicated an oxide layer of MgO and a metal layer enriched with Al and Zn, respectively. 
The formation of MgO consumed Mg, which led to the local increase in both the Al and Zn 
concentration at the metal-oxide interface and in-between the oxide [25, 43]. Because the P-B ratio 
of MgO is 0.81, MgO is regarded as an incompact structure with internal tension stresses in the film 
[6, 21, 25]. During high temperature oxidation, thickening of the oxide layer and significant Mg 
vaporisation results in internal stress accumulation, leading to film cracking [6, 40]. The cracks 
allowed outward diffusion of Mg vapour and inward diffusion of oxygen, which accelerated the 
oxidation. At higher temperatures, e.g. above the solidus temperature, the incompact layer was 
entirely non-protective because of the vigorous Mg vaporisation. Therefore, the alloy ignited at a 
lower temperature of 549 C as shown in Fig. 7. 
Unlike AZ91, a 0.5 m thick, uniform, flat oxide layer formed on the AZ91Be60 alloy after 
furnace oxidation at 400 C for 144 hour in air. There were neither cracks nor pores within the 
continuous layer, indicating a compact structure. The compact oxide layer acted as a barrier to prevent 
both the outward diffusion of Mg vapour and the inward diffusion of oxygen. As a result, the 
oxidation resistance was improved. The EDS analysis showed that chemical composition of the 
compact oxide layer was 36.85 wt.% Mg, 43.23 wt.% O, and 1.65 wt.% Al. But, no Be was detected 
within the layer due to limitation of the EDS. The BeO has been considered as the major contributor 
to the improved oxidation resistance [23, 44, 45] in Be-bearing Mg alloys because the P-B ratio of 
BeO is 1.70 [21]. However, the present result indicated that the presence of Be did not cause the 
formation of a compact BeO barrier layer. An alternative hypothesis proposed by Czerwinski [40] 
was the reactive element effect (REE). The trace amount of Be works as a reactive element (RE) in 
the alloy. During high temperature oxidation, the RE migrates to grain boundaries of local oxides, 
retarding the outward diffusion of Mg-ions. This hypothesis has not been experimentally verified yet. 
Fig. 8c shows the cross-sectional oxide morphology of the undamaged area on AZX911 
(corresponding to point A in Fig. 6). The oxide film was around 2 m thick with a duplex structure 
consisting of bright ridge-shaped layer and dark porous layer. The EDS analysis as listed in Table 2 
indicated that the ridge-shaped layer (Point 2) was a CaO-containing layer with composition of 47.37 
wt.% Mg-27.96 wt.% O-14.97 wt.% Ca. The porous layer (Point 3) was mainly MgO containing only 
4.25 wt.% of Ca.  
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As both Mg and Ca have high affinity to oxygen [34], the possible reactions that may occur on 
the surface of AZX911 at 400 C are: 
Mgሺsሻ ൅ 12Oଶሺgሻ ൌ MgOሺsሻ																																																										ሺ1ሻ 
Caሺsሻ ൅ 12Oଶሺgሻ ൌ CaOሺsሻ																																																											ሺ2ሻ 
The change of Gibbs free energy ∆ܩ of these reactions, for the concentrations of interest herein, 
were as follows [45]:   
∆ܩଵ ൌ ∆ܩଵ଴ ൅ ܴܶlnቌ
൫ߙ୑୥୓൯
൫ߙ୑୥൯൫݌୓మ൯
ଵ
ଶ
	ቍ ൌ െ524	202	J/mol																														ሺ3ሻ 
∆ܩଶ ൌ ∆ܩଶ଴ ൅ ܴܶlnቌ
ሺߙେୟ୓ሻ
ሺߙେୟሻ൫݌୓మ൯
ଵ
ଶ
	ቍ ൌ 	െ519	458	J/mol																														ሺ4ሻ 
where ∆ܩ଴ is the change of Gibbs free energy in the standard state (25 C, 1 atm); T is the reaction 
temperature (in K); R is the gas constant; ݌ is the partial pressure; α represents the activity. The partial 
pressure of O2 was assumed to be 0.21 at the oxide/gas interface [46], MgO and CaO are considered 
as pure solids, so both αCaO and αMgO are equal to 1; αCa and αMg can be approximated by their atomic 
concentrations of	ܿ୑୥ and	ܿେୟ [23]; the EDS measured Mg and Ca atomic concentrations were 95.57 
at.% and 0.08 at.%, respectively in the present work in the as-cast alloy; and ∆ܩଵ଴ = -528 822 J/mol 
and ∆ܩଶ଴ = -563 724 J/mol [48]. 
These data indicate that the MgO formed prior to CaO at the initial oxidation stage because ∆ܩଵ 
< ∆ܩଶ even though the standard free energy of formation of CaO is lower than that of MgO [49]. The 
formation of MgO led to the local depletion of Mg at the interface between the oxide and the matrix, 
resulting in Ca enrichment of the surface and CaO formation. As further oxidation progressed, more 
Ca and Mg atoms diffused outward, forming the CaO/MgO composite layer (the ridge-shape) as 
exhibited in Fig. 8c. The improved oxidation resistance of AZX911 was attributed to the formation 
of this CaO/MgO composite layer, which enabled the isolation of the Mg substrate from the oxygen 
in air. However, since the P-B ratio of CaO was only 0.65 [21] this composite layer was insufficiently 
compact. For long-term oxidation at high temperature, the evaporation of the underlying Mg 
significantly increased the internal stress in the layer and led to the formation of micro-cracks as 
indicated in Fig. 8c. Such cracks acted as fast oxygen penetration channels and oxidation of the 
substrate continued. The formation of fresh oxide at the crack walls and at the oxide/metal interface 
resulted in the outward growth of the ridges [14]. In addition, Mg vapour diffused through the cracks 
and directly reacted with oxygen, resulting in the formation of porous MgO layer over the ridges. 
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Compared with the tightened MgO layer on the AZ91Be60 (Fig. 8b), the CaO/MgO composite layer 
provided insufficient protection of the substrate from long-term oxidation. Hence, severe oxidation 
occurred on this alloy as illustrated in Fig. 6. However, Fig. 7 shows that the ignition temperature of 
AZX911 was similar to that of AZ91Be60. This was attributed to the surface active effect of Ca in 
liquid Mg [50]. After the alloy was melted, accumulation of Ca on the surface was achieved due to 
its surface activity. Therefore, the formation of CaO was significantly promoted. Despite the fact that 
the P-B ratio of CaO was low, the formation of a thick and continuous CaO-rich layer effectively 
suppressed the Mg vaporisation, and thereby increase the ignition temperature.  
Fig. 8d shows that AZX911Be60 had a ~1.5 m thick, flat, dense, continuous oxide layer on the 
surface. This oxide layer consisted inner and outer layers. Table 2 indicates that the composition of 
the brighter inner layer (Point 2) was 45.57 wt.% Mg, 20.98 wt.% O, and 21.44 wt.% Ca; while that 
of the outer layer (Point 3) was 36.27 wt.% Mg, 34.03 wt.% O, and 3.84 wt.% Ca. The EDS result 
indicated that the inner layer was a CaO/MgO composite layer and the outer layer was the dense MgO 
layer that was similar to the oxide layer on the AZ91Be60 alloy. Although no Be was detected, it was 
considered that the formation of the outer compact MgO layer was attributed to the reinforcement 
effect by Be. The actual mechanism of Be reinforcement to the MgO layer is unclear and research on 
this topic is being undertaken. In comparison with the AZX911 in Fig. 8c, the duplex oxide layer on 
AZX911Be60 was more flat and compact. There were neither cracks nor ridges within the layer. This 
duplex oxide layer effectively suppressed the evaporation of the underlying Mg and the inward 
diffusion of oxygen. Therefore, the AZX911Be60 had a low oxidation rate (Fig. 5 and Fig. 6) and the 
highest ignition temperature of 697 C (Fig. 7). 
 
3.6 DTA analysis 
High temperature oxidation of Mg alloys is typically accompanied with a change of the 
microstructure and even partially melting of alloys [6]. Fig. 9 presents the differential thermal analysis 
(DTA) curves for AZ91, AZ91Be60, AZX911 and AZX911Be60. The onset point of the DTA valley 
represents the melting of the eutectic micro-constituent and the area of the valley represents the total 
heat absorbed to melt the eutectic micro-constituent [16]. Fig. 9 shows that alloying with Be did not 
change the melting temperature of AZ91. The onset melting temperature AZ91 and AZ91Be60 were 
between 423 C and 424 C, which was close to the Mg-Al eutectic temperature of 437 C [16]. 
Because alloying with Be did not change the microstructure of the alloy as shown in Fig. 2, there was 
no influence on the melting temperature. However, alloying with 1.0 wt.% Ca significantly increased 
the onset melting temperature of the AZX911 and AZX911Be60 to 457 C. This is attributed to the 
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elimination of the low melting temperature Mg-Al eutectic micro-constituent through forming the 
high melting temperature Al2Ca for the alloys with Ca [51]. The EDS data in Fig. 3 and Fig. 4 
indicated that, in addition to the formation of Al2Ca, Ca was also dissolved in the β-Mg17Al12 phase 
along the dendrite boundaries in both alloys, which increased thermal stability of the β-Mg17Al12 [52].  
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Figure 9: DTA analysis of AZ91, AZ91Be60, AZX911 and AZX911Be60 at a heating rate of 10 K/min. The 
melting temperature was increased by 30 °C after alloying with 1.0 wt.% Ca. In contrast, the effect of Be on 
the DTA curves of both alloys was minimal. 
 
4. Synergistic effect of Ca and Be 
High temperature oxidation of Mg alloys relies on the outward diffusion of Mg2+ and Mg vapour 
[6]. At temperatures above 400 C, the evaporation of Mg is significantly intensified, resulting in 
existing oxide film cracking, catastrophic oxidation, ignition and burning [6, 10, 13, 53]. Thus, the 
oxidation resistance of Mg alloys is mainly governed by (i) the compactness of the surface oxide 
layer; and (ii) the evaporation of Mg. The present results show that combined alloying with Ca and 
Be provided better protection of AZ91 from oxidation than single alloying with either Ca or Be. For 
example, AZX911Be60 had the best oxidation resistance at both 400 C and 450 C (Fig. 5 and Fig. 
6) and the highest ignition temperature of 697 C (Fig. 7) for the alloys studied. The oxidation 
resistance of AZX910Be20 (0.5 wt.% Ca and 20 ppm (wt) Be) was comparable to that of the 
AZ91Be60 alloy (60 ppm (wt) Be). The high oxidation resistance was attributed to the formation of 
a compact oxide surface layer. 
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Figure 10: The schematic representation of the evolution of the oxide layer on AZX911Be60. (a) The formation 
of a thin MgO layer on the metal surface at the initial oxidation stage; (b) The Be-reinforced compact MgO 
layer grew over the initially formed layer due to the outward diffusion of Mg2+. Meanwhile, accumulation of 
Ca2+ at the metal/oxide interface resulted in a formation of Ca-rich zone; (c) The CaO/MgO composite layer 
was formed beneath the compact MgO layer, providing additional protection against oxidation. 
To understand how the Ca and Be combined addition improved the oxidation resistance of the 
AZ91 alloy, taking AZX911Be60 as an example, a hypothesis for the evolution of the compact oxide 
layer is schematically depicted in Fig. 10. Thermodynamic calculation suggested that the MgO 
formed prior to the CaO at the initial oxidation stage. The initially formed MgO film was considered 
as thin and crack-free [6] as shown in Fig. 10a. The growth of the oxide proceeded by the outward 
diffusion of metal cations and the inward diffusion of O2- anions. Van Orman et al. [54] reported that 
the diffusion coefficient of the group IIA cations in MgO decreased with increase in the ionic radius. 
The ionic radius of Mg2+, Be2+ and Ca2+ cations were 0.066 nm, 0.035 nm and 0.099 nm, respectively 
[55]. Thus, the rank of the diffusion rate in the MgO was Be2+ > Mg2+ > Ca2+. Because the Be 
concentration was too low to form a continuous BeO layer, the outward diffusion of Mg2+ led to the 
formation of the MgO layer. But, the outward diffusion of Be2+ cations might reinforce the MgO layer 
through either forming Be-MgO solid solution or the “REE” along the grain boundaries of MgO, 
which is to be clarified yet. Thus, a reinforced MgO layer with a compact structure was formed as 
illustrated in Fig. 10b. As the oxidation progressed, the outward diffusion of Ca2+ cations together 
with the dissolution of the Ca-containing β-Mg17Al12 simultaneously increased the Ca concentration 
at the oxide/metal interface, leading to the formation of Ca-rich zone as shown in Fig. 10b. The 
enrichment of Ca at the oxide/metal interface enabled the formation of CaO. Therefore, a CaO/MgO 
composite layer was formed underneath the compact MgO layer as shown in Fig. 10c. Although a 
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single CaO layer was insufficiently compact to protect the substrate due to its low P-B ratio of 0.65, 
the CaO/MgO composite layer was considered to provide a more effective protection than either the 
single MgO or CaO layer [6]. Such a duplex oxide layer acted as barrier to prevent both the outward 
diffusion of Mg vapour and the inward diffusion of oxygen. In addition, alloying with Ca significantly 
increased the melting temperature due to the formation of thermal-stable Ca-containing β-Mg17Al12, 
elimination of the Mg-Al eutectic micro-constituent and the reduction in the volume fraction of β-
Mg17Al12, which effectively suppressed the grain boundary Mg vaporisation, preventing film 
cracking. 
 
5. Conclusion 
i. Combined alloying with Be and Ca could more effectively increase the oxidation resistance and 
ignition temperature of AZ91 than single alloying with either Be or Ca. The highest oxidation 
resistance was achieved by alloying with 60 ppm (wt) Be and 1.0 wt.% Ca. The oxidation 
behaviour of AZX910Be20 (20 ppm (wt) Be and 0.5 wt.% Ca) was comparable with that of 
AZ91Be60 (60 ppm (wt) Be). Hence, 0.5 wt.% Ca alloying enabled a significant reduction of the 
expensive and poisonous Be. 
ii. A hypothesis is proposed regarding how Be alloying improves the oxidation resistance. The MgO 
oxide layer can be reinforced by either the formation of a Be-MgO solid solution or through the 
“REE” along the MgO grain boundaries. As a result, the MgO layer was more compact, providing 
better protection of the substrate from further oxidation.  
iii. Alloying of Ca enabled the formation of CaO/MgO composite oxide layer on the surface of the 
AZ91 alloy. Although the P-B ratios of both MgO and CaO are below 1.0, such composite layer 
could be more compact and stronger with more effective protection.   
iv. Combined alloying with Be and Ca was associated with a synergistic effect on the oxidation of 
the AZ91 alloy. Such synergistic effect of Be and Ca allowed the suppression of Mg vaporisation 
and the formation of a compact duplex oxide layer consisting of the outer reinforced compact 
MgO layer and the inner CaO/MgO composite layer. The duplex layer acted as barrier for both 
the outward evaporation of Mg and the inward penetration of oxygen, and therefore achieved 
high oxidation resistance.  
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7.3 Be-reinforced CaO-MgO duplex oxide layer 
According to Paper 3 and 4, Be could reinforce the initially formed MgO layer by forming a 
(Mg,Be)O solid solution with fine grains. The fine-grained (Mg,Be)O layer provided sufficient 
strength to delay the cracking of the oxide layer during oxidation process, resulting in the extension 
of the oxidation incubation period. Paper 5 indicates that the combined additions of Be and Ca 
provided a synergistic effect on improving the oxidation resistance of AZ91 alloy. Such synergistic 
effect of Be and Ca enabled the formation of a protective duplex oxide layer consisting of (i) the outer 
compact MgO layer, which formed at the initial oxidation stage; and (ii) the inner CaO/MgO 
composite layer, which formed due to the Ca enrichment at the interface between the oxide and the 
matrix. Based on the analogy with Paper 3 and 4, Be may accumulate at the alloy surface by the 
faster ionic diffusion at the initial oxidation stage and reinforced the MgO by forming a (Mg,Be)O 
solid solution. The reinforced CaO-(Mg,Be)O duplex oxide layer provided sufficient strength to delay 
layer cracking during the oxidation. Hence, both outward evaporation of Mg and inward penetration 
of oxygen were retarded, resulting in a significant improvement in the oxidation resistance of AZ91. 
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Chapter 8 Outcomes, conclusions, and future work 
This chapter presents a summary of important outcomes and conclusions throughout the PhD 
work. Based on these achievements, some recommendations for the future research are provided. 
 
8.1 Outcomes and conclusions 
The PhD study aimed at (i) clarifying the roles of Be in improvement of the oxidation resistance 
of Mg alloys; (ii) understanding the mechanisms controlling the oxidation resistance of Be-containing 
Mg alloys; and (iii) investigating the synergistic elemental effect of Be and Ca, and therefore to 
minimize the usage of Be in the oxidation-resistant Mg alloys. The outcomes of the research are 
summarized as follow: 
i. The current research progress in development of the oxidation-resistant Mg alloys, including the 
fundamentals to oxidation of Mg alloys, the effects of alloying elements and the major theoretical 
models to understand the mechanisms of how the oxidation resistance can be improved, have 
been summarized and reviewed. In addition, the correlation between the incubation period and 
oxidation resistance of Mg alloys was highlighted. The incubation periods of some Mg alloys at 
different temperatures were summarized. This review work provides fundamental indications to 
develop new oxidation-resistant Mg alloys. 
ii. A series of Be-containing AZ91 alloys were developed by microalloying the AZ91 alloy with 10 
ppm (wt), 20 ppm (wt), 30 ppm (wt), and 60 ppm (wt) Be. It was found that trace addition of Be, 
even as low as 10 ppm (wt), significantly improved the oxidation resistance of the AZ91 at 400 
C through extending the oxidation incubation period. Such improvement was constantly 
enhanced with increase in Be content. 
iii. Compared with the AZ91, the oxide layer formed on the AZ91Be60 (containing 60 ppm (wt) Be) 
was thin, compact, and continuous. Both SEM and thermodynamic calculation indicated that 
there was no continuous BeO layer formed. This is different from the long-accepted hypothesis 
that Be improved the oxidation resistance of Mg alloys by forming a compact and continuous 
BeO layer. 
iv. Using TEM, nanoindentation, and nanoscratch advanced characterization techniques, a novel 
oxide layer reinforcement model was proposed to understand the underlying mechanisms for the 
high oxidation resistance of Be-containing Mg alloys. The TEM results indicated that the initially 
formed oxide layers on both AZ91 and AZ91Be60 (containing 60 ppm (wt) Be) were thin, 
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uniform, and crack-free. No BeO was detected on the AZ91Be60 alloy. But, enriched Be was 
detected in the initially formed MgO layer during the oxidation process of the AZ91Be60 alloy.  
The Be enrichment led to the formation of fine-grained (Mg,Be)O substitutional solid solution 
on the surface of the AZ91Be60. The nanoindentation and nanoscratch analyses indicated that, 
compared with the MgO layer on the AZ91, the (Mg,Be)O layer on the AZ91Be60 exhibited a 
much higher hardness and strength as a result of reinforcement by Be. It is believed that, during 
high temperature oxidation, the reinforced (Mg,Be)O layer could withstand higher internal 
stresses and Mg vaporisation, and therefore effectively delayed the layer cracking and debonding. 
Hence, the oxidation incubation period was significantly extended, resulting in the high oxidation 
resistance. This proposed mechanism differs from previous hypothesises and has been verified 
by experimental results. 
v. In addition to AZ91, trace addition of Be was found effectively improving the high temperature 
oxidation resistance of as-cast Mg-2Zn, Mg-2Sn, AS21, and ZC63 alloys. But, the Be addition 
had little effect on the oxidation resistance of as-cast ZK20, AM60, and Mg-2Y alloys. 
Nanoindentation results also demonstrated the formation of reinforced oxide layers on the surface 
of Mg-2Zn-Be, Mg-2Sn-Be, AS21Be, ZC63Be, Mg-2Y, and Mg-2Y-Be, resulting in high 
resistance to oxidation and ignition of these alloys. For ZK20Be and AM60Be, the Zr and Mn 
solutes in both alloys irreversibly consumed the Be by forming thermally stable Be-containing 
intermetallic compounds through chemical reaction in the melts. Hence, there was insufficient 
Be accumulation on the alloy surface during the oxidation process, resulting in the weak 
reinforcement effect of the oxide layers and low oxidation resistance of both alloys.  For the Mg-
2Y alloy, 2 wt.% Y addition effectively improved the oxidation resistance of the Mg alloy.  Thus, 
further addition of 60 ppm Be had no noticeable effect.  
vi. There has been evidenced a strong correlation between the oxidation resistance of Mg alloys and 
the strength/hardness of the oxide layer formed on the alloy surface. The oxide reinforcement 
model for the high oxidation resistance of Mg alloys can also be validated in a number of 
oxidation-resistant Mg alloys. Furthermore, the nanoindentation approach pioneered in the 
present work has provided a novel approach to understand the mechanisms to understand how to 
improve the high-oxidation resistance of Mg alloys, which is also of technological significance 
for the development of new oxidation resistant Mg alloys. 
vii. The synergistic effect of Be and Ca in improvement of the oxidation resistance of AZ91 alloy 
was proposed. Compared with Ca, Be showed higher efficiency in improving the oxidation 
resistance of the AZ91 alloy. But, combined alloying with Be and Ca could more effectively 
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lower the oxidation rate and increase ignition temperature of the AZ91 alloy than sole addition 
of either Be or Ca. AZ91 alloyed with 20 ppm (wt) Be and 0.5 wt.% Ca had optimal oxidation 
resistance than that of AZ91 containing 60 ppm (wt) Be in terms of the oxidation behaviours at 
both 400 C and 450 C, and the ignition temperature. This indicated that the synergistic effect 
of Be and Ca enabled a significant reduction in use of the expensive and toxic Be. 
viii. FESEM analysis of the surface oxide evidenced the formation of a protective duplex oxide layer 
on the AZX911Be60 alloy (containing 1.0 wt.% Ca and 60 ppm (wt) Be). The duplex oxide layer 
was composed of the outer initially formed reinforced (Mg,Be)O layer, and the inner CaO/MgO 
composite layer, which formed due to the Ca enrichment at the interface between the oxide and 
the matrix. The duplex layer acted as barrier for both the outward evaporation of Mg and the 
inward penetration of oxygen, and therefore achieved high oxidation resistance. In addition, 
thermal analysis via DTA confirmed a significant increase in the onset melting temperature of 
the AZX911Be60 alloy. This was attributed to the formation of thermal-stable Ca-containing β-
Mg17Al12 phase and the elimination of the Mg-Al eutectic micro-constituent due to Ca addition. 
It is believed that the increase in the melting temperature also made significant contributions to 
the oxidation resistance by suppressing the grain boundary Mg vaporisation. 
ix. Based on the results obtained in the present work, following criteria are formulated for selecting 
a suitable alloying element to improve the oxidation resistance of Mg alloys: 
 The alloying element should be associated with a high affinity to oxygen. 
 Surface accumulation of the alloying element can be achieved through ionic diffusion 
during the oxidation process. The type and addition amount of the alloying element 
should be considered to avoid reacting with other solutes and forming thermally stable 
intermetallic compounds.  
 The surface oxide layer can be reinforced by alloying element accumulated on the alloy 
surface through either (i) forming oxide layer with RPB between 1 and 2, or (ii) 
strengthening the initially formed MgO via the formation of solid-solution. 
 The alloying element is capable to increase the onset melting temperature of Mg alloys 
by eliminating the formation of eutectic micro-constituents with low melting temperature. 
 Surface activity, solute solubility in Mg, and the reactive element effect (REE) are 
important factors that should also be taken into consideration during development of new 
oxidation-resistant Mg alloys. 
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8.2 Future work 
The results in this PhD study provide some achievements in understanding the oxidation 
resistance of Be-containing Mg alloys. This study also arises some new problems together with 
interesting topics that need further research. They are listed as follows: 
i. The oxide reinforcement model proposed herein indicates that Be reinforces the initially formed 
MgO layer by forming fine-grained (Mg,Be)O solid solution. But, the (Mg,Be)O structure has 
not been fully understood. In order to achieve more in-depth understanding of the oxide 
reinforcement mechanism in Be-containing alloys, it is important to investigate the distribution 
of Be within the surface oxide layer at atomic level, and therefore to further understand the solid-
solution structure of the reinforced (Mg,Be)O in detail. 
ii. It was found that Be exhibits higher efficiency in reinforcing the surface oxide layer and 
improving the oxidation resistance of Mg alloys even at ppm concentrations. Hence, it is of 
interest to further refine the oxidation mechanism for Be-containing Mg alloys by studying (i) 
the existing state of Be in the as-cast alloys, and (ii) the diffusion mechanism of Be towards alloy 
surface for the formation of (Mg,Be)O layer. 
iii. The nanoindentation approach pioneered herein provides a new approach to establish the oxide 
reinforcement mechanism for improvement of oxidation resistance of Mg alloys. This oxide 
reinforcement model is probably also valid in other metals, such as stainless steels, Al alloys, Ti 
alloys, and Ni-Based super-alloys. Further research is needed to validate this model in other 
systems. Such study will provide a significant breakthrough in alloys design particularly for 
applications at elevated temperatures. 
iv. Currently, the ignition-proof Mg alloys contain high concentration of Ca, Y, or other RE 
elements, which not only increases the alloy cost but also leads to significant embrittlement in 
Mg-Al based alloys. Based on the synergistic elemental effect of Be and Ca in the present work, 
it would be fruitful to study the synergistic effect of the alloying elements such as Ca, Y, Sr, Gd, 
Er, and Dy, and therefore to reduce their usage in ignition-proof Mg alloys. 
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